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SUMMARY
A systematic study of the microstructure and 
mechanical properties of zirconium-hydrogen alloys 
formed from the a-phase region under a variety of 
cooling conditions has been made® The tensile 
properties of these alloys, at room temperature and 
at a variety of strain rates, has been related to 
their microstructure in terms of volume fractions and 
nature of the hydride phases present.
Nomarski Differential Interference Microscopy has 
been used to make detailed optical examinations of 
hydride morphology in unetched specimens and the hydride 
phases 6 and Y have been identified unambiguously, even 
when present in low concentrations, by means of a 
Nonius Guinier quadruple focussing X-ray camera technique.
The microstructure and constitution of the alloys 
has been found to vary with increases in cooling rate 
from the solid solution phase field and it has been shown 
that while slow cooling favours precipitation mainly at 
grain boundary sites, increases in cooling rate favour 
the formation of Widmanst&tten structures. It has also 
been shown that slow cooling favours the precipitation 
reaction q->q+6 while increases in cooling rate 
progressively favour the reaction a—>>0+7 .
The magnitude of the effect of hydride on the 
mechanical properties of zirconium-bydrogen alloys has 
been shown to depend more on the volume fraction of the 
second phase than on its nature. It has been shown that
low strain failures may be associated with the presence 
of continuous networks of hydride throughout the 
specimens and in these cases it has been demonstrated 
that there is no significant difference between the 
embrittling effects of the hydride phases Sandy.
Xt has been found that the presence of a triaxial 
stress system markedly reduces the strains to failure 
in these alloys and that specimens which normally fail 
at plastic strains of about 10$ may be made to do so 
after about lfo strain in the presence of a notch.
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1« Introduction
The work described in this thesis is concerned
with the effect of hydriding conditions on the
microstructure, constitution and room temperature
mechanical properties of zirconium-hydrogen alloys.
In nuclear reactors, the problems of fuel element
cox’rosion and coolant contamination are overcome by
cladding the fuel in a suitable material* Apart from
offering the minimum of impedance to the nuclear reaction,
the basic requirements of a cladding material are
compatibility with the fuel, high resistance to corrosion
by the coolant and adequate heat transfer characteristics*
The development of zirconium and its alloys was undertaken
largely in response to the requirements of steam-generating
water cooled reactors where, in addition to a low neutron
capture cross section, it was essential that the cladding
material possessed a high resistance to corrosion under
aqueous conditions at temperatures of about 300°C.
Zirconium of commercial purity is produced by the
reduction of zirconium tetrachloride with molten magnesium
1 2in a modification of the Kroll '* process* The main 
reaction is
ZrCl^ + 2Mg -- >» Zr + 2MgCl£ *........ 1*
vapour liquid solid liquid
The separation of zirconium from the reduction products 
is achieved by heating the mixture of zirconium, unreacted 
magnesium and magnesium chloride to a temperature of 883°C.
—  ^  ifat a pressure of about 10 torr and the zirconium produced
* 1 torr =s 101323 Pa* 1 pascal equals IN/ra^.
76O Met. Trans. J3» 358, 1972.
by this melting/volatilization process is in the form 
of a sponge. This material is crushed and pressed into 
bars which are subsequently melted and cast into ingots 
in an inert atmosphere. Zirconium made in this way is 
known as commercial, reactor grade or sponge zirconium 
in order to distinguish it from zirconium of higher
3purity made by the decomposition of zirconium tetraiodide .
It was anticipated that in view of its excellent
resistance to corrosion by high temperature water and
hits very low neutron capture cross section , zirconium 
would be a suitable material for both structural and 
fuel element cladding, particularly in pressurized high 
temperature water reactors. It was found that the 
resistance of sponge zirconium to corrosion by high 
temperature water could be improved by alloying additions 
of tin and smaller quantities of iron, chromium and nickel 
and that these additions enhanced the creep resistance at 
reactor operating temperatures. Of the alloys produced 
in this way (the so-called Zircaloys), Zircaloy-2 is 
probably the best known and contains typically about 
1.5wt^ tin and about O.lwt^ each of iron, chromium and 
nickel. These alloys are now widely accepted as the 
principal materials for in-core components such as fuel 
cladding, pressure tubing and structural components of 
water-cooled nuclear reactors.
Under service conditions in water-cooled reactors, 
hydrogen is produced by the aqueous corrosion of the 
cladding material according to the reaction
h
5as well as by radiolytic decomposition of the water •
The hydrogen evolved diffuses through the zirconia 
layer to the metal underneath where it is dissolved 
in significant quantities# The limit of solid solubility 
of hydrogen in zirconium falls rapidly from about 4at#$ 
at reactor temperatures to almost zero at room temperature 
and reactor cycling or running down is found to induce 
the precipitation of hydride mainly at the grain boundaries 
of the metal# The precipitation of hydride within the 
zirconium is accompanied by a deterioration in mechanical 
properties# Since much of the initial work on the effects 
of hydrogen on zirconium was concerned with notched bar 
impact properties where very low strains to failure were 
observed the phenomenon became known as hydrogen
embrittlement# The most significant feature of the 
embrittlement phenomenon is that hydrogen only presents a 
serious problem in zirconium when its concentration is in 
excess of the solid solubility limit#
In view of the value of zirconium and its alloys in 
nuclear reactor technology, detailed examinations of 
the metail©graphic and crystaliographic aspects of hydride 
precipitation were made in an attempt to overcome the 
embrittling effect# The thermodynamic aspects of the 
precipitation and dissolution of the hydrides of zirconium 
and the equilibrium phase relationships in the zirconium- 
hydrogen system also received considerable attention#
In this thesis, a systematic investigation into 
aspects of the microstructure and mechanical properties
of zirconium-hydrogen alloys of low hydrogen 
concentration is described; the thesis is in the 
form of an Introduction followed by five sections.
In the Literature Review, Section 2, equilibrium phase 
relationships, precipitation from solid solution and 
the embrittlement phenomenon in alloys in the zirconium- 
hydrogen system are discussed. In Section 3> the 
techniques of hydriding, metallography, phase identification, 
mechanical testing and fractography are described and • 
the results obtained by means of these.techniques 
presented as Section 4. A discussion of aspects of 
microstructure, alloy constitution and mechanical 
properties is presented as Section 5 the conclusions
drawn from this are summarized in Section 6.
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2. LITERATURE REVIEW
2. 1. The Zirconium-Hydrogen System
2. 1. 1. Pressure Composition Relationships
■ iiiiiwuwiniwn'nrjiiM iM i i i n  milium m  mu n u n i'ii iU B i i c i h - imilihiwi iihiip ibw i bwmhi iwI in n iw n iir in ir in  inirrmiiiiniMTnBmi'aa nnin iiTniinnin hti r  tii in  ria iii w i~rriMrTTriiiiM
The thermodynamic properties of a metal-hydrogen 
system are frequently determined from measurements of 
equilibrium partial pressures as functions of hydrogen 
content and temperature. In the case of a metal-hydrogen 
system in which a single hydride phase is formed, pressure- 
composition isotherms such as those shown in Fig.l. are 
obtained. The lines to the left of the plateaux represent, 
•the dissolution of hydrogen in the metal at three 
temperatures, T^, T^ and T^. Those to the right represent 
the dissolution of hydrogen in the hydride phase and the 
constant pressure plateaux represent regions in which 
hydrogen, hydrogen saturated metal aud a non-stoichiometric 
hydride coexist.
The pressure-composition isotherms for zirconium, 
which belongs to a class of metals which dissolves hydrogen 
exothermically to form hydrides by direct combination of 
two elements, are rather more complex. Zirconium not 
only forms more than one hydride but also has a high- 
temperature phase stabilised at lower temperatures by 
hydrogen. Examples of the pressure-composition isotherms 
for the zirconium-hydrogen system at two temperatures 
are shown in Pig.2. At temperatures less than 550°C the 
isotherms for this system appear as in Pig.l. but at 
higher temperatures there are two constant pressure 
plateaux, one representing the a + p region and the other
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the p + 6 region.
The equilibrium phase diagram of a metal-hydrogen 
system is often determined from pressure-composition 
isotherms over a range of temperature, the limits of 
the constant pressure plateaux giving the boundaries 
between the single and two-phase regions. Thus the 
points A, B, C and D, in Fig,2, would correspond to the 
same points on the phase diagram shown as Fig,3* to 
indicate the a+p region while points ¥, X, Y and Z 
would similarly delineate the p*5 region,,
2, 1. 2, The Dissolution of Hydrogen in a-Zirconium
ii— mwirwnrTHTfiiniiinm»nnmnnrmiii«rnimiTi—irrniTnrn—mrn imaifi i«m—rrTrwwiMHfifnm—anr—gr— mnryi rmimnin—imwiwnwni—w—'
A solution between two atom types is said to be 
ideal if it obeys Raoult*s law over the complete range 
of concentration and at all temperatures. Ideal solutions 
are those in which neither atom species exhibits a 
preference as to whether its neighbours are of the same 
or different species and in such solutions there is, 
therefore, no tendency for like atoms to cluster or for 
unlike atoms to cluster, Raoult*s law states that the 
partial pressure of a component in a solution is given 
by the product of its mole fraction and the vapour pressure 
of the pure component at the temperature of solution. 
Although most solutions exhibit departures from this law, 
it is generally obeyed by the solvent at low solute 
concentrations.
The quantitative relationship between the solubility 
of a gas and pressure was found empirically and expressed
9
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in the form of a lav/ by Henry* This law states that 
the mass of gas dissolved by a given volume of solvent, 
at constant temperature, is proportional to the pressure 
of the gas with which it is in equilibrium* Henry*s 
law may also be transformed so as to give the mass of 
gas dissolved by unit weight of solvent and restated 
in terms of the vapour pressure of a volatile solute*
In this case, in a dilute solution, the vapour-pressure 
of a solute is proportional to its mole fraction* V/hen 
this applies over the concentration range from pure 
solvent to pure solute, Henry{s law for the solute is 
of the same form as Raoult*s law for the solvent*
Solutions of hydrogen in zirconium are not ideal 
since the affinity of zirconium atoms for hydrogen atoms 
is greater than the affinities of either zirconium or 
hydrogen for an atom of the same species* Solutions of 
hydrogen in zirconium exhibit a negative deviation from 
Raoult*s lav/ and a tendency to form compounds*
The validity of Henryfs law also depends on the 
choice of solute species since different values of the 
equilibrium constant may be obtained depending on whether 
the gas dissolves molecularly or atomically* The 
situation is somewhat simplified for solutions of gases 
in metals since most conmion diatomic gases dissolve 
atomically.
If hydrogen is taken into solution atomically or 
ionically in a single phase region according to the
equilibrium diagram (i.e. a single condensed phase '"ir
region), the reaction may be written as
2 **2 t ^ (dissolved) *.....••••••••••••••• 3
The equilibrium constant, K, for the reaction is 
given by
K = AH 
[2
 ..........e........ ..... e e c 4
(aH3)°‘5
Where Ajj and AH^ refer to the activities of dissolved* 
hydrogen and hydrogen gas respectively. In an ideal 
solution the atom fraction of a component in solution 
is equal to its activity but since solutions of hydrogen 
in zirconium are not ideal the equilibrium constant is 
given by the relationship 
IC %
w  ...      5.
(»h 2)°-5
Where Njj is the atom fraction of hydrogen in solution 
and Pjj£ is the partial pressure of gas above the metal* 
Re-writing this relationship gives
»H *  K ^ H 2 ..... '••••*• ..... 6.
Since hydrogen and most of the common diatomic gases 
dissolve atomically in metals, equation (6) is often 
generalized to
N s k /"p” .... ................... . 7.gas gas '
This relationship is known as Sieverts* law.
Since the solubility of hydrogen in a metal is 
proportional to the square root of the hydrogen partial
pressure, Sieverts * lav; may be used in determinations 
of the terminal solubility of hydrogen in metals 
at different temperatures. A typical application of 
this law to terminal solid solubility determinations 
in the zirconiura-hydrogen system is the work of 
Gulbransen and Andrew^ to whom the graph shown as Fig.4. 
is due. Since the graph of the square of the hydrogen 
concentration against the partial pressure of hydrogen 
is a straight line it follows that the gas is absorbed 
atomically as per equation 7*
Another method of determination of the terminal 
solubility limits of gases in metals is by plotting the 
logarithm of the equilibrium hydrogen pressure against 
the reciprocal of the absolute temperature. An example 
of this type of plot for a solution of hydrogen in 
zirconium is also taken from the work of
Gulbransen and Andrew^ and shown as Fig.5* In this case, 
for an alloy of known hydrogen content, the point at 
which the slope of the line changes indicates the 
temperature at which that particular composition represents 
the terminal solid solubility of hydrogen in zirconium.
2. 1. 3♦ The So3.id Solubility of Hydrogen in a-Zirconium
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The limits of solid solubility of hydrogen in
a-zirconium below the eutectoid temperature were determined
6 7by Gulbransen and Andrew , Schwartz and Mallett ,
8 9Mallett and Albrecht and Espagno et al and their combined
data is summarized as Fig.6. The data of
6Gulbransen and Andrew \*as obtained from Sieverts* law
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graphs and from log pressure versus reciprocal absolute
temperature graphs and was subsequently confirmed by
9the dilatometric work of Espagno et al . The differences
between the values obtained by these workers and by
7 8Schwartz and Mallett and Mallett and Albrecht are
probably due to differences in the osygen content of the
zirconium*
In a determination of the solid solubility of
hydrogen in a-zirconium, Zircaloy-2 and Zircaloy-4 from
11Sieverts* law graphs, Ostberg indicated terminal
solubilities similar to those found for hydrogen in
6a-zirconium by Gulbransen and Andrew « The solid solubility
limits of hydrogen in the Zircaloys were rather lower
than previously reported values and the discrepancy was
attributed to differences in experimental method and
possibly in the compositions of the alloys.
12Erickson and Hardie concluded that, below the
eutectoid temperature, alloying elements in solid solution
did not have a significant effect on the terminal solid
12solubility of hydrogen in a-zirconium* Kearns reached
the same conclusion after determinations of the terminal
solid solubilities of hydrogen in a-zirconium, Zircaloy-2
13and Zircaloy-4* Kearns J tabulated his own data and the 
results of other investigators in the form of constants,
A and B, for the equation
C ss Ae~®/iRT 8.
Where C is the terminal solid solubility of hydrogen in 
a-zirconium (in p.p*ra*), T is the absolute temperature
.and R is the universal gas constant*. The average
values of A and B determined in the temperature range
260°C - 550°C were given as A = 11.99 and B = 8.95 kcal/gatom.
The agreement of these values with the results of
Gulbransen and Andrew^, Ostberg^’’*', Espagno et al^ and 
14
Erickson was noted. There is substantial evidence to 
show that a super saturated solid solution of hydrogen 
in a-zirconium cannot be produced even by the most drastic 
quenching methods from the a-phase field^*
2. 1. 4. The Effect of Oxygen on the Solid Solubility
In practice, the most important impurity effect on 
the equilibrium phase relationships in the zircouium- 
hydrogen system is that of oxygen since iodide and sponge 
zirconium contain about 100 p.p.m. or less and about 
1300 p.p.m. oxygen respectively.
15The data of Edwards and Levesque for the ternary 
system zirconium-oxygen-hydrogen was reinterpreted by 
Ells and McQuillan‘S  to produce an isothermal section at 
750°C. This section showed the stabilization of d-phase 
up to about 30at.$ hydrogen by the addition of about 
10at.$> oxygen. At 750°C the terminal solid solubility of 
hydrogen in a-zirconium was shown to be only slightly 
increased by small additions of oxygen (l-5at.$) but then 
to be rapidly increased by additions of up to 10at.$ oxygen. 
Since the oxygen content of sponge zirconium is about 
lat.$, its effect on the .solid solubility limit of hydrogen 
in a-zirconium cannot be ascertained from the isothermal 
section of the ternary phase diagram presented by
lat.^ oxygen in zirconium is equal to 1770 p.p®m. by
weight.
16
*1 /
Ells and McQuillan .
17Brown and Hardie attributed the absence of
hydride precipitation in the surface layers of oxidised
zirconium-hydrogen alloys to an increased solubility
limit for hydrogen in the metal as a result of the
presence of oxygen in solid solution. However, it had
previously been argued, from evidence of a similar
nature, that the presence of oxygen in solid solution
in zirconium led to a rejection of hydrogen from solution.
18Belle and Mallett concluded that the terminal solid
solubility of hydrogen in a-zirconium was lowered by the
presence of oxygen in solid solution and this was
19substantiated by the work of Roy who employed a tritium 
autoradiographic technique.
2. 1. 5» Equilibrium Phase Relationships
The five phases in the zirconium-hydrogen system are 
designated as follows;
a- a solid solution of hydrogen in zirconium of 
hexagonally close packed crystal structure.
(5- a solid solution of hydrogen in zirconium of body 
centred cubic crystal structure.
8- a zirconium hydride phase of face centred cubic 
crystal structure, 
e- a zirconium hydride phase of face centred tetragonal 
crystal structure and c/a < 1. 
y- a zirconium hydride phase of face centred tetragonal
C  /crystal structure and 'a >1.
The zirconium-hydrogen system was first investigated
20by means of X-ray diffraction by Hagg who correctly 
identified three hydride phases 6 , Y and £ and presented 
lattice parameter data for zirconium-hydrogen alloys 
in the a and p phase fields,
21Some fifteen years later, Hall et al used relatively
impure zirconium to produce the first details of pressure-
temperature-composition relationships in the zirconium-
hydrogen system. These workers did not, however, appreciate
the ability of hydrogen to stabilize the p forra of zirc.onium,
Indeed, in much of the work on the zirconium-hydrogen
•system published before 1956 it was assumed that the
hydride phases were formed from' a-zirconium at temperatures
below 862°C, the a—>p transition temperature for the
metal, Vorlc at this time was typified by that of 
22Edwards et al who published a series of isotherms for
the zirconium-hydrogen system in the temperature range
700°C - 900°C. and then extended their investigations to
15the ternary system zirconium-oxygen-hydrogen
Although the effect of hydrogen in reducing the
Q— »,p transition temperature in zirconium from 862°C, to
1 *5 p2
550°C, was not appreciated by Edwards et al 9 ~ , a
16reinterpretation of their data enabled Ells and McQuillan
to establish the boundaries of the a+6 phase field in the
16system. In addition to this data, Ells and McQuillan 
used their own measurements of the equilibrium hydrogen 
pressure for a series of zirconium-hydrogen alloys and 
the pressure-ternperature-composition data of
•Gulbransen and Andrew2^ to describe correctly the essential
features of the zirconium-hydrogen system. On their
16phase diagram, Ells and McQuillan showed the ability 
of hydrogen to reduce the a—>p transition temperature 
of zirconium from 862°C to 550°C and the occurrence 
at this temperature of a eutectoid reaction p-> a + 5 •
This equilibrium pliase-diagram of the zirconium-hydrogen 
system was almost idential to one obtained by means
?of high-temperature X-ray diffraction by Vaughan and Bridge “ 
and published at the same time,
16The results of the work of Ells and McQuillan and 
ZkVaughan and Bridge combined with some of the later 
investigations of equilibrium phase relationships in the 
zirconium-hydrogen-system are summarized in Fig,7, The 
determinations of the various phase boundaries and the 
temperature and composition of the eutectoid in this
25system are examined in greater detail by Mueller et al ,
The zirconium-deuterium system was investigated by
26means of neutron and X-ray diffraction by Sidhu et al 
and found to be analogous to the zirconium-hydrogen system, 
Xn addition to a-zirconium deuteride phases designated 
6, y and z were identified and found to exist over ranges 
of composition. The S-deuteride was found to be of face 
centred cubic crystal structure while the Y and z deuterides 
were indexed as tetragonal,
2, 1, 6, The Constituent Phases,
2. 1, 6, 1, The 5-Phase
26A study of the zirconium-deuterium system suggested 
that the 6-phase in the zix-coniuin-hydrogen system has a
crystal structure which consists of zirconium atoms in
face centred cubic array with hydrogen atoms in the
tetrahedral sites# At the maximum concentration of
hydrogen in 6-phase only 83$> of the tetrahedral sites
are occupied by hydrogen atoms# The lattice parameter
for 6-hydride of composition ZrH^ ( 62#5ut#$> hydrogen)
27determined from X-ray diffraction data by Beck is
, o
given as 4#7808 A#
2. 1. 6. 2, The c-Phase
The e-deuteride phase which is analogous to the e-phase
in the zirconium-hydrogen system was also investigated by
26neutron diffraction by Sidhu et al • By analogy, it was
shown that e-hydride has a distorted fluorite type of
crystal structure with hydrogen atoms in the tetrahedral
sites. This structure should correctly be described as
body centred tetragonal but is often indexed as face
centred tetragonal for purposes of comparison with the
other hydrides in the system. X-ray diffraction data for
2 *>£-hydride is given by Mueller et al ^ together with 
neutron diffraction data for e-deutex'ide•
2# 1. 6. 3« The Y-Phase
The existence of the face centred tetragonal hydride, 
y-phase, is something of an anomaly in the zirconium-hydrogen 
system since it coexists with a-zirconium and 6-hydride 
in the a^-6 region of the equilibrium phase diagram. The 
presence of this phase suggests a form of metastable 
equilibrium since three condensed phases can only exist in 
thermodynamic equilibrium in a binary system at an invariant
* lat.^o hydrogen in zirconium is equal to 110 p#p#m.
by weight.
20
points
X-ray and neutron diffraction data for the face
27centred tetragonal y-phase were obtained bjr Beck and 
2 6Sidhu et al respectively* The lattice parameters for 
the hydride are given as a = 4*5957 c = 4*9686 A 
and for the deuteride as a = 4*586 X and c = 4*948 A*
The X-ray diffraction data for the y-phase obtained by
28 29 Whit wain and Filer et al are in basic agreement with
these results*
Reports of the occurrence of the y-phase in
zirconium-hydrogen alloys of high hydrogen content
/  ^\ 24(w-*30at«^o) arG numerous* Vaughan and Bridge , for
example, concluded that since y-phase could be eliminated
by ageing at 500°C for 48 hours, it was a raetastable product
of the eutectoid reaction p— * However,
Gulbransen and Andrew^ noted the presence of y-phase ill
zirconium-hydrogen alloys prepared below the eutectoid
27 29temperature and both Beck and Filer et al observed
27the phase in aged specimens* Beck concluded that the
occurrence of y-phase was associated with the reaction
5— and suggested that the composition of y-phase
would be between those of 6-phase and a-phase* The
proposed composition of ZrH with zirconium atoms in face
centred tetragonal array and hydrogen atoms in half of
26the tetrahedral sites was confirmed by Sidhu et al •
27The conclusions of Beck regarding the formation of y-phase
30were supported by Barraclough and Beevers who examined 
zirconium-hydrogen alloys in the range 56at,$ - 66at.$
hydrogen. These authors concluded that y-phase was
an intermediate product in the transformation 5— >6 + a
and noted that metallographic evidence pointed to the
formation of y-phase by a shear mechanism. The only
other extensive study of the role of y-phase in zirconium-
hydrogen alloys at high hydrogen concentrations
• 31(57at.# hydrogen) is due to Moore • By means of hot-stage
31microscopy and cine-photography, Moore^ showed the
transformation on heating zirconium-57at•<?<> hydrogen -
4wt.$> uranium alloys to about 294°C. Since the 6— »»6-3*a
transformation on cooling occurred more readily in powder
31samples than in bulk samples, Moore concluded that the
nature of transformation of the 6-phase is affected by
specimen size.
There have, in contrast, been relatively few studies
of the occurrence of y-phase in zirconium-hydrogen alloys
26of low hydrogen concentration, Sidhu et al , in a study
of alloys in the zirconium-deuterium system by means of
X-ray and neutron diffraction, observed the presence of
y-phase in coexistence with a-zirconium at hydrogen
concentrations of about 400 p.p.m. However, it is
interesting to note that the presence of the equilibrium
precipitate, 6-phase, was not detected in these alloys at
low hydrogen concentrations.
The results of a study of hydride precipitation in
zirconium-hydrogen alloys containing up to 1000 p.p.m.
32hydrogen by Bailey are in essential agreement with those 
26of Sidhu et al . Evidence obtained by means of X-ray
and electron diffraction showed that all the precipitates
observed were of tetragonal crystal structure similar
to that reported for y-phase. Even under conditions of
slow cooling from 800°C no evidence of the presence of the
32equilibrium precipitate, 6-phase, was observed, Bailey ■
therefore concluded that at low hydrogen concentrations,
(t~9at.$), the hydride phase in zirconium was of face
centred tetragonal crystal structure and was not the phase
expected according to the equilibrium phase diagram.
An investigate.on of quenched samples of hydrided
zirconium by means of X-ray diffraction in a Guinier
32focussing X-ray camera enabled Bailey to index the
X-ray reflections additional to those of a-zirconium as
due to a tetragonal unit cell. Lattice parameters for
this cell were calculated from two of the most prominent
X-ray reflections obtained and were reported as
a =4.617 A and c =4.888 A. These were compared with
28the values obtained by Whitwain for y-phase in the
I r ° I v' °zirconium-hydrogen system, a = 4.610 A and c = 4.960 A,
33and shown to be in reasonable agreement. Bailey later 
reported an investigation of zirconium-hydrogen alloys in 
the composition range 4at.^ - 50at.$ hydrogen and noted 
the marked effects of cooling rate from the hydriding 
temperature on alloy constitution. X-ray studies showed 
that although two hydrides 6 and y were formed, the 
former was favoured by slow cooling and indeed could be 
completely suppressed by rapid quenching from the hydriding 
temperature. At low hydrogen concentrations (about lat.$)
the 5-phase was not observed,
The occurrence of hydride of tetragonal crystal
structure in Zircaloy-4 at low hydrogen concentrations
(^250 p.p.m, ) was studied by extraction replication
34and electron diffraction by Katz*^ • The results of
32
this work, which were in agreement with those of Bailey ,
showed that, even under conditions of moderately slow
cooling from the a-phase field, the precipitated hydride
was of tetragonal crystal structure similar to that of 
34y-sphase. Katz^ noted that the electron diffraction
patterns from both finely divided and bulk hydride
precipitates indicated a tetragonal crystal structure.
There is, however, a considerable spread in the electron
diffraction data presented and it is noted that the d
values corresponding to 111 reflections from the tetragonal
hydride phase range from 2,824 X to 2,724 X. The values
32of d for the same 111 reflection obtained by Bailey ,
28 23 27Whitwam , Gulbransen and Andrew'' and Beck ' are in much
. o 0 0
closer agreement being 2,706+0,005 A, 2,725 A, 2.726 A
and 2.718 X respectively.
The precipitation of zirconium hydride in iodide
zifconium and Zircaloy-2 at hydrogen concentrations of
less than 5at*$> was studied by means of transmission
35electron microscopy by Bradbrook et al , It was found 
that the crystal structure and distribution of the 
precipitate varied with heat treatment and was particularly 
sensitive to cooling rate from the a-phase region. Under
conditions of slow cooling, large precipitates of the 
face centred cubic equilibrium phase,6 , were observed 
mainly at grain boundaries but as the cooling rate was 
increased more intragranular precipitation occurred.
With higher rates of cooling, the face centred tetragonal 
Y-hydride tended to predominate over the equilibrium 
5-hydride and in quenched specimens only the y-phase 
was observed.
The occurrence of the y-phase in the zirconium-hydrogen
system is of interest not only from the point of view of
equilibrium phase relationships but also because of the
adverse effect of hydrogen on the mechanical properties
of zirconium and its alloys. It was considered at one
time that the presence of the y-phase might be responsible
25 3?for the hydrogen embrittlement effect in these materials *
2e 1. 7» Summary
From the literature reviewed, the following conclusions 
may be drawn regarding equilibrium phase relationships in 
the zirconium-hydrogen system:
1, Details of the variation of the limit of solid solubility 
of hydrogen in a-zirconium with temperature as summarized 
in Fig.6. are well established and documented.
2, The terminal solid solubility limit of hydrogen in 
a-zirconium appears to be reduced by the presence 
of oxygen in solid solution.
3e The equilibrium phase relationships in the zirconium- 
hydrogen system as summarized in Fig.7• show the 
existence of five phases, three of which are hydrides
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and the remaining two are solid solutions. The 
system involves a eutectoid reaction.
4. A ttiird hydride phase is found to occur in addition 
to the equilibrium phases in the a+6 region of the 
phase diagram. Its presence is attributed to a 
form of metastable equilibrium.
5* Reports of the occurrence of the third phase, y , in 
alloys supposedly consisting of the phases a and 5 
at hydrogen concentrations of ^  30at.^b are numerous, 
but reports of its occurrence in low-hydrogen alloys 
are very few.
6. Proposals for the mechanism of formation of the y-phase 
include its formation as a metastable product of the 
eutectoid reaction and its formation as a product 
of the decomposition of 8-phase. The occurrence of 
this phase at both low and high hydrogen concentrations 
and in alloys formed below the eutectoid temperature 
invalidates some of these proposals. The reason for 
the occurrence of this phase is still uncertain.
7* In zirconium-hydrogen alloys formed from a-solid
solutions, the formation of the y-phase is favoured 
by increased cooling rates from the a-field. Under 
slow cooling and quenching conditions the predominant 
hydride phases in zirconium-hydrogen alloys formed 
from the a-phase region are Sand y respectively.
2. 2. General Aspects of Precipitation from Solid Solution
2. 2. 1. Precipitation under Equilibrium Conditions
The basic reaction examined in the present work, and
indeed responsible for the embrittlement effect, is 
the precipitation on cooling of one or possibly more 
hydride phases from a solid solution of hydrogen in 
a-zirconium,, Although the discussion of precipitation 
in this section is necessarily fairly limited, the 
subject has been discussed in detail in several extensive
36-39reviews .
The basic requirement for a precipitation reaction 
to occur is that a multi component phase becomes 
thermodynamically unstable and therefore tends to decompose 
into phases of different compositions. The common feature 
of equilibrium phase diagrams of systems in which 
precipitation can occur is the presence of a phase boundary 
which slopes towards decreasing concentration as the 
temperature is lowered. This effect is shown by the a/a+6 
boundary in the zirconium-hydrogen system. (See Fig.6.).
Since virtually all changes in the solid state involve 
the redistribution of atoms in the solid, the kinetics of 
the process will depend on the rate at wdiich the atoms 
are able to migrate. Atomic migration in a solid is not 
a simple process due to the internal periodic nature of 
the surrounding crystalline material and therefore, in 
order to diffuse, an atom has first to overcome an 
activation energy barrier. The energy of an atom within 
a crystalline solid is shown schematically in Fig.8 • 
and the activation energy for atom migration, or diffusion, 
and the decrease in energy associated with the phase change 
are indicated. The rate of a reaction which involves the
diffusion of atoms depends on the magnitude of the 
activation energy barrier and on the number of atoms 
that are capable of overcoming it at any instant* The 
probability term is of the form e  ^ wiaere Q is the 
magnitude of the activation barrier, k is Boltzmann’s 
constant and T is the absolute temperature* If Q is in 
calories/gm.atom the rate of the reaction, R, is given 
by
R = Ae ^ q
Since the probability of all the atoms having the
energy required to overcome the energy barrier at the 
same time is very low the entire system does not undergo 
the phase change instantaneously* Instead, chance thex'mal 
fluctuations provide a small number of atoms with 
sufficient activation energy to break away from the
matrix and form a small nucleus of the new phase which
subsequently grows at the expense of the parent until 
the transformation is complete. In this way, the amount 
of material in the “activated state" that is whose energy 
corresponds to the peak in Fig,8* is restricted to those 
atomically thin layers at the parent/product interface.
In a solid state transformation such as the formation 
of hydrides from a solid solution of hydrogen in a-zirconium 
the free energy change involved in the process consists 
of three terms one of which favours the formation of a 
nucleus of the product and two which oppose it.
Considering the energy equation for the homogenous 
formation of a spherical nucleus the free energy equation
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is of tlie type
AGppt AG.volume + AG surface + AG strain or
AG 10.
a is the bulk free energy change per unit volume which 
favours the transformation while the second and third 
terras which oppose it relate to the formation of a new 
surface and the creation of internal strain. The latter 
arises because the spaces occupied by the same numbers 
of atoms in the different structures are themselves 
different, y is the surface energy per unit area.
If a solid solution is cooled below the solvus line 
the solid solution becomes thermodynamically unstable, 
rejects solute atoms and thereby reduces the free energy 
of the system. If the strain energy term is neglected 
the surface and volume free energy terms may be shown 
graphically as in Fig.9« from which it is apparent that 
there is a critical nucleus size below which the nucleus 
is unstable and above which it is stable and will grow.
The strain energy term, however, is of considerable 
importance in phase transformations in the solid state 
where the relief of matrix strains by atom movement is 
restricted.
The subsequent growth of a stable nucleus occurs 
by the addition of solute atoms and may be energetically 
represented by equation 10. From Fig.9* it is apparent 
that when the precipitate is very small the surface energy 
terra dominates the growth process but as it increases in
2k
gize the volume free energy and the strain energy 
terms assume the dominant role. When the strain 
energy term becomes sufficiently high due to precipitate 
growth it may be reduced by a loss of coherency with 
the matrix in which case the energy is exchanged for 
that of a new interface and the formation of a dislocation 
arrayr. The incoherency dislocations associated with 
hydride precipitates in zirconium have been observed in
OO C A
electron microscope studies by both Bailey and Waiters •
Therefore, while considerations of surface energy favour
the growth of spherical particles most precipitates assume
a platelike morphology in order to minimise the elastic
k o t 4lstrain energy. It has been shown ’ that the elastic 
strain energy due to the volume pex" atom difference 
between parent and product may be reduced by a change 
in precipitate shape from spherical to platelike and,to 
a lesser extent, to needlelike.
The energy of misregistry between the precipitate 
and the matrix may be further minimised by precipitation 
on a preferred crystallograph!c plane in the matrix. The 
occurrence of Widraanstatten structures may be explained 
in this way although their formation is frequently 
associated with high rates of cooling from the solid 
solution range.
2. 2. 2. The Effects of Cooling Rate on Precipitation
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The precipitation process is affected by the rate 
of cooling from the solid solution phase field because 
the energy terms in equation 10 are affected to different
degrees. Thus the volume Tree energy term is strongly 
dependent on temperature while the surface energy factor 
is hardly affected. As the degree of undercooling or 
supersaturation is increased, the greater is the release 
of bulk free energy and the smaller is the size above 
which the nucleus of the product phase is energeticaly 
stable. Under these conditions, the chances of forming 
a stable nucleus are increased and the rate of nucleation 
is of the form
-Q + AGmax #...............  11.
Rate = Ae
where A is a constant and AG-max is the free energy
associated with a nucleus of critical size (see Fig.9®)*
-0.The term reflects the fact that nuclei are formed b^ r 
atom migration and.that the process is temperature 
dependent. With drastic undercooling, the term AGraax 
becomes very much less than Q, the activation energy for 
diffusion and the nucleation rate therefore tends towards 
~^/RT. In cases where the degree of undercooling is 
slight, the critical nucleus size is high and therefore 
the rate of nucleation is low. This means that relatively 
few nuclei will be able to grow by virtue of the enhanced 
diffusion rates at high temperatures and that at lower 
temperatures the nucleation rate is increased while growth 
by diffusion is correspondingly reduced. The effect of 
the degree of undercooling on the rate of precipitation 
and the change in the rate controlling process may be 
seen from Fig.10.
The nucleation and growth of a second phase from a
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parent occurs most readily in regions of the structure 
such as grain boundaries, dislocations and inclusions 
which have a high free energy per atom. These areas of 
disarray tend to be the first to become energetically 
unstable as the degree of undercooling is increased. A
theoretical approach to nucleation at grain boundary
hZ 43sites has been made by Clemm and Fisher and Chalmers
noted that preferential nucleation at grain boundaries
was to be expected because grain boundary energy would
38be released by the process, Mehl suggested that some 
of the most important factors which favour nucleation 
at grain boundaries are:
(i) that solute atoms can diffuse much more rapidly to 
a cluster, in a grain boundary than to one within 
a grain.
- (2) that transformation stresses which oppose nucleation 
can more easily be relieved at grain boundaries 
than elsewhere in the structure.
(3) that the solute concentration is often higher at 
grain boundaries than elsewhere in the structure.
( 4) that grain boundaries often contain a high concentration 
of impurity particles which may catalyse the 
nucleation jpr,ocess.
Therefore, under conditions of slow cooling where 
the critical nucleus size is high and the rate of formation 
of stable nuclei correspondingly low, the nucleation 
process occurs in the most favourable sites, namely, the 
grain boundaries. Under conditions of slow cooling
tliere is also time for solute atoms to diffuse to 
these regions and therefore slow cooling conditions 
tend to favour an almost exclusively grain boundary 
type of precipitation.
The use of a higher rate of cooling, however, 
increases the degree of undercooling, reduces the 
critical nucleus size and correspondingly increases 
the nucleation rate. In addition, the rapid decrease 
in temperature means that the rates of diffusion also 
decrease. These factors combine to produce stable 
nuclei not only at the most energetically favoured 
sites in the matrix but also at those sites where the 
volume free energy change is slightly less, i.e. the 
second ana third choice sites. Since a large number 
of nuclei are formed, the strain energ3r term in 
equation 10 has a greater effect than under slow cooling 
conditions. The effects of the strain energy system 
are minimised by precipitation on preferred crystallographic 
planes in the matrix and by the assumption of a plate 
or needle-like morphology to produce a Widmanstatten 
structure.
The use of fast cooling or quenching procedures, 
therefore, tends to produce dispersions of small 
precipitates due to nucleation at many sites and a 
reduced diffusion rate with precipitates assuming a 
plate-like morphology on certain preferred planes in
order to reduce the strain energy effect of atomic
. _ 40, 4l - mismatch ©
From the above considerations it would appear 
the equilibrium phase diagram cannot always be used 
to predict the structure or sequence of structures 
assumed by a precipitate. The theory of nucleation 
suggests that metastable stxmctures will be favoured 
if the activation energy barriers for their formation 
are very low and although phase stability depends on 
free energy relative to other phases, the path of a 
reaction tends to follow the path of minimum activation 
energy. For this reason some transition structures 
•may differ from the equilibrium structure only by 
virtue of slight strains in the interatomic separation. 
This argument could well apply to the metastable 
hydride y-phase since its crystal structure and 
parametex’s are very similar to those of the equilibrium 
precipitate, 6-phase (see section 2, 1. 6,).
2. 3® The Embrittlement Phenomenon in Zirconium- 
Hydro gen Alloys 
2. 3. 1, Preliminary Studies
In the early 1950®s, the low notched bar impact 
energies by certain ingots of zirconium were related to
44, 45an appreciable hydrogen content ■ ■ ; metallographic
examination of these ingots x-evealed the presence of a
second phase which was subsequently identified as a
46hydride of zirconium ,
Measurements of the impact energy of zirconium 
which contained hydrogen revealed a transition at about 
200°C, with considerably high ex'* values above this
temperature than below it# The transition temperature
effect was assumed to be an intrinsic property of
7the metal until it was observed that the energy
absorbed in the fracture of these.materials was
considerably enhanced by heating them to a temperature 
oof 315 C. or higher and subsequently water quenching 
thenio The reversibility of the effect was demonstrated 
by reheating the specimens to 315°C. and allowing them 
to cool slowly when the impact energy values were 
restored to their former low values.
Metallographic examination of these specimens 
revealed the presence of a second phase in the form of 
needle-like precipitates and this work correlated wrell 
with the results of work at the Battelle Institute 
where the phase had been tentatively identified as a
O O
hydride . This conclusion was reached principally 
because the quantity of the second phase in the zirconium 
increased on the addition of hydrogen and electron 
diffraction analysis later suggested that the phase 
had a face centred cubic crystal structure. It was 
concluded that zirconium hydride precipitated as platelets 
in the matrix was responsible for the embrittlement 
phenomenon and noted that an embrittled zirconium ingot 
typically contained about 50 p.p.m. hydrogen compared 
with about 15 p«p*m. for a notch-tough ingot.
It was found that although reduction of the hydrogen 
concentration in the zirconium to less than 10 p.p.m. 
reduced the embrittling effect, a quenching treatment
from 315°C« was still round to give higher notched
bar impact energy values than a slow cooling treatment,
7Schwartz and Mallett' therefore concluded that the
room temperature solid solubility limit of hydrogen
in zirconium was less than 10 p.p.m.
An investigation of the notched bar impact energy
hiof Zircaloy-2 by Muehienkamp and Schwope , showed
that the energy transition temperature increased as
the hydrogen content increased. kith a hydrogen
concentration of about 10 p.p.m. the transition
temperature was -80°C, and with hOO p.p.m, it rose to
kOQ C. Thus in the first case the material at room
temperature was seriously embrittled whilst in the
sdcond it exhibited a considerable degree of toughness.
hiMuehienkamp and Scliwope also found that the reduction 
in a cross sectional area of hydrided zirconium was 
greater under slow bending conditions than under impact 
conditions and concluded that the embrittling effect’ 
was strain-rate dependent.
h8The results of Forscher on the effect of hydrogen
on the impact energy of zirconium were consistent with
hithose of Muehienkamp and Schwope and this author
concluded that the embrittling effect was due to the
hSpresence of precipitated hydride. Forscher then
compared and contrasted the effects of hydrogen on
zirconium with its effect on metals in which it remains
h 9in solid solution. It was noted by Troiano that the 
hydrogen embrittlement of steels and zirconium occurred
28
by different mechanisms and concluded that although 
the theory of high internal pressures at 
discontinuities due to hydrogen diffusion was 
satisfactory for steels it did not account for the 
effects in zirconium. The embrittling effect of 
hydrogen in steels is usually less severe as the 
strain rate increases and most of the theories of this 
type of embrittlement are based on the stress-enhanced 
diffusion of interstititial solute atoms to dislocations 
which then become locked. In a high strain rate test, 
such as an impact test, theories of hydrogen embrittlement 
generally have it that the hydrogen is unable to diffuse 
to structural discontinuities sufficiently quickly to 
pin them and that the material fails in a ductile manner.
In contrast, it appears as though the precipitation of 
hydride in zirconium is responsible for the brittle 
fracture behaviour show under impact conditions and 
that hydrogen in solid solution tends to favour low 
strain rate embrittlement. Moreover, the precipitation 
of hydride in zirconium cannot easily be avoided since 
the[ terminal solid solubility of hydrogen in zirconium 
at room temperature is extremely low (see section 2. 1. 3*)e
The possibilit}r of.the presence of an internal region 
of high pressure in the metal due to the diffusion of
6 p o
hydrogen was investigated by Gulbransen and Andrew * •
These authors noted firstly that the internal pressure 
of hydrogen in solution at room temperature would be too 
1ow to damage zirconium and secondly that, at this
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.temperature, the formation of hydride precipitate 
would be energetically favoured rather than the 
retention of hydrogen in solid solution.
Having postulated that the elongation to failure 
of zirconiuin-hydi’ogen alloys at -196°C. could be 
improved by the retention of hydrogen in solid solution,
48Forscher presented rnetallographic evidence to show
the presence of strain induced porosity in iodide
zirconium which contained 10 - 50 p.p.m. hydrogen. It
was found that a marked improvement in the low temperature
elongation to failure could be obtained by quenching and
that a measurable strain induced porosity occurred in
zirconium containing as little as 1.5 p.p.m. hydrogen.
Accurate measurement of hydrogen concentrations as low
as 1.5 p.p.m. presumably presented serious difficulties.
48Forscher concluded that hydrogen in concentrations
of up to 50 p.p.m. markedly reduced the ductility of
zirconium and that the effect was most pronounced at
low temperatures. At -196°C. specimens of hydrided
zirconium that had been quenched from the liydriding
temperature showed more than twice the ductility, in
terms of reduction of area, of certain slowly cooled
alloys of the same composition. The difference in
ductility between the quenched and slow cooled alloys
was found to decrease as the temperature was increased 
ofrom -196 C. until, at room tempoera ture, it was
48negligible. The work of Forscher , although confirming 
and elaborating upon several features of the embrittlement
phenomenon, did not contribute significantly to a
fundamental understanding of the phenomenon*
50The work of Young and Schwartz showed that 
the embrittling effect of hydrogen in zirconium could 
be demonstrated not only by the notched bar impact 
test but also by the impact tensile test* By means
50of electron and optical metallography these authors
showed an abundance of twinning in the impact tested
specimens compared with a low twinning frequency in
specimens strained at lower rates and that twin bands
frequently terminated at hydride precipitates*
50Young and Schwartz showed fine cracks and round 
fissures opposite twin termini and therefore inferred 
that the strain rate effect in the embrittlement 
phenomenon was connected with the formation of micro 
cracks in the neighbourhood of the precipitates. This 
was one of the earliest suggestions of the occurrence 
of a defect at the site of precipitation as a result of 
mechanical testing and with the experimental results of 
Forscher went some way towards an explanation of the 
role of hydride in the fracture of zirconium.
As research into the hydrogen embrittlement of 
zirconium continued, embracing determinations of hydrid 
habit planes, crystallographic texture and hydride 
reorientation under applied stress, a large volume of 
literature was rapidly generated. Much of this work, 
however, was concerned with the evaluation of material, 
from an engineering point of view and the collection of
performance data under a variety of metallurgical 
and mechanical testing conditions. As a result, 
the literature abounds with reports of investigations 
of the mechanical properties of zirconium-hydrogen 
alloys at a great variety of compositions, temperatures 
and strain rates. The correlation of the results of 
one investigation and those of another in order to 
achieve a fundamental understanding of the phenomenon 
and to enable general predictions of behaviour to be 
made has therefore proved extremely difficult.
Investigations of a more fundamental nature of 
the phenomenon of the hydrogen embrittlement of zirconium 
are reviewed in the following section.
2e 3. 2. Fundamental Aspects
The characteristics of the hydrogen embrittlement
51of zirconium were reviewed in 1961 by Cotterill who
considered aspects observed principally by
2*7 7Muehienkamp and Schwope , Schwartz and Mallett and
50 51Young and Schwartz . Cotterill concluded that
embrittlement occurred as a result of the precipitation
of a stable hydride at hydrogen concentrations in excess
of the solubility limit at the temperature concerned
but probably the greatest contribution of this review
was the discussion of the mechanisms of embrittlement.
The variation in the limit of solid solubility of
hydrogen in zirconium with temperature was used to
explain the observed increase in brittle/ductile
transition temperature with increasing hydrogen content
and the argument that, on slow cooling, a high
hydrogen content will lead to hydride precipitation
at a higher temperature than will a low one is
logical* However, some of the arguments discussed 
51by Cotterill which attempt to explain the effects 
of quenching on the ductility of zii-conium-hydrogen 
alloys in terms of the retention of a super-saturated
solid solution have been invalidated by the results of
6 23 3 5 52later work f . The work of ¥estiake , for example,
shows that a super-saturated solid solution of hydrogen
in zirconium cannot be retained even by drastic quenching
methods*
51Cotterill then discussed the possible effects of 
hydride preciiDitation on slip planes in the zirconium 
with a view to exxDlaining the embrittling effect of
51hydrogen on the metal. Px'ior to the work of Cotterill
there had been three detexaminations of the preferred
planes of the equilibrium precipitate in the zirconium-
53 54hydrogen system, two by Langeron and Lehr ’ and one
55by Kunz and Bibb . The preferred planes of precipitation 
of the hydride in zirconium were given as {1012}, {1121}
and {1122} by Kunz and Bibb^ and it is noted that in 
none of these is a slip plane usually observed in
zirconium. The princixxal slip planes for zirconium are
56   ,
given by Picklesimer^ as {1010} , (OOOl) and (lOll} and
therefore at room temperature the deformation of zirconium
by slip is unlikely to be hindered by hydride precipitation
on the planes given by Kunz and Bibb . The hydride habit
c t*
planes listed by Kunz and Bibb^ are, however, listed
5 6as twinning planes by Picklesimer and therefore
hydride precipitation might hinder deformation by
twinning# This effect would be of particular importance
at low temperatures where tv/inning is the major mode
of deformation in zirconium#
53 5hLongeron and Lehr gave the hydride habit
plane in zirconium as (1010) 'which is a principal slip
plane in zirconium# It is therefore reasonable to
suppose that deformation by slip on this set of planes
might be hindered by the presence of a precipitate in
which case a failure at a low elongation or reduction
of area might be anticipated# The (l010} planes have
been reported as hydride habit planes in zirconium by
32 57 58several other workers * ^ which tends to support
the suggestion that Kunz and Bibb^ may have mistaken
surface twins for hydrides* Alternatively, the presence
of surface twins may have provided nucleation sites for
the hydride precipitates* Kunz and Bibb'^, however,
did conclude that a hydride habit plane of (1010) would
account better for the observed increases in yield stress
and decreases in ductilit}*- of zirconiuin-hydrogen alloys
although they themselves were unable to obtain this
result experimentally,
59
Westlake provided further experimental evidence
that zirconium crystals containing hydride precipitates
were less ductile than pure zirconium when he compared 
the behaviour of samples of the two at low strain rates
at - 196°C, From this work, which was undertaken to
<K]
observe the origin and propagation of cracks at the
59surfaces of single crystals of zirconium, Westlake
concluded that hydride fracture occurred at particle/
twin intersections, in the neighbourhood of dislocation
pile ups and at cracks formed by dislocation pile ups
59within the metal* Westlake appears to be the first
author to question whether the effect of hydrogen on
zirconium should be termed embrittlement and he does
this oil the grounds that evidence of considerable plastic
deformation of the zirconium matrix was observed prior
to failure* This author noted that hydrided single
crystals of zirconium had a spongy appearance which
also suggested a ductile failure. It was suggested
that, although cracks which opened up in the hydride
phase constituted internal notches, the zirconium
matrix was not sensitive to the presence of notches
even at temperatures as low as ~196°C.
59Westlake concluded that since twinning becomes 
an increasingly important mode of deformation at high 
strain rates and low temperatures, the fracture of 
hydride precipitates in zirconium by twins could account 
for the increased rate of crack initiation under these 
testing conditions.
59Analogies were drawn between the presence of 
brittle hydride precipitates in zirconium and the presence
WOv\
of brittle cementite in non-carbon alloys in which fracture 
of the brittle phase by deformation twins had been
observed^* In these alloys the propagation of
cracks from the carbide phase into the iron matrix
i 4. i62> 6 3, 6h Tr , _ . 39 , 7was also reported 7 . Westlake suggested
that failure in hydrided zirconium alloys occurred
by the simultaneous formation of cracks in the
vicinity of the precipitates and their subsequent
linkage by a crack which propagated, in a ductile
manner, through the intervening matrix.
65Beevers investigated the fracture behaviour of
zirconium-hydrogen alloys in which the precipitates
were aligned with their major axes normal to the axis
of tension. This author proposed a three stage model
of the fracture behaviour of these alloys based on
crack initiation within the precipitates, propagation
across the hydride/matrix boundary and propagation
through the matrix once the stored energy exceeded that
required for the creation of new crack surfaces.
6 3Beevers also examined the effects of hydride precipitat 
morphology on the fracture behaviour of zirconium- 
hydrogen alloys at low and high strain rates and at 
room temperature and -196°C. It was concluded that the 
fracture of the hydrides was controlled by the rate of 
strain hardening of the matrix. Increased hydrogen 
contents were found to increase the fraction of hydride 
precipitate and therefore to favour crack propagation 
in this phase under most rates of strain and at most 
temperatures. There is a suggestion here of the 
importance of the continuity of the relatively brittle
hydride pliase within the ductile zirconium matrix.
Quenching from the hydriding temperature was found
to reduce the degree of embrittlement and at low
temperatures this effect was attributed to the
absence of fracture in the fine precipitates.
At this time, a note was published by
Erickson and Hardie in which it was suggested that
cracks initiated within precipitates in zirconium-
hydrogen alloys gave rise to a crack which passed
through the matrix in a ductile manner by the
enlargement of voids at the crack tip. Whether or
not the pi'opagation of this crack was followed by a
low strain failure was then said to depend on the
properties of the matrix. This argument appears to
57be an extension of that first proposed by Westlake
65.and subsequently employed by Beevers
It was not without substantial experimental
68evidence that Coleman and Hardie stated that the 
embrittling effect of hydrogen in alpha zirconium 
was undoubtedly due to the presence of precipitated 
hydride. Coleman and Hardie^ pointed out that the 
retention of ductility in zirconium-hydrogen alloys 
quenched from the hydriding temperature could not be 
attributed to the retention of a super-saturated solid 
solution as had been suggested earlier by other
workers^’ . These authors^ cited the work of
52Westlakd who found hydride precipitates in thin foils 
of hydrided zirconium by electron microscopy even after
the most drastic of quenching treatments from the
hydriding temperature. This result might have been
anticipated from the calculations of
6 23G-ulbransen and Andrew ’ .
As a result of their own work on the observed 
transition from low to high energy failure with 
increasing temperature, Erickson and Hardie^’ ^  
concluded that, although the precipitate did not 
disappear by dissolution of the hydrogen as the 
temperature was increased, the hydride somehow became 
a less effective embrittling agent. After emphasising 
the importance of the form and distribution of the
hydride on the mechanical properties of zirconium-
6 8hydrogen alloys, Coleman and Hardie examined the
mechanisms proposed as explanations of the transition
temperature effect, the initiation and propagation of
cracks and the failure of specimens.
One process by which the hydride precipitate in
zirconium-hydrogen alloys could become *a less effective
embrittling agent* as the temperature is increased,
is a variation in the ductility of the hydride phase
itself with temperature. There is considerable evidence
to show that the hydride phase in zirconium is cracked
by the intersection of twins or slip bands at room 
4- ' 4- 50, 59, 68, 70 ,temperature and below and some, notably
71by Parry and Evans show that plastic deformation of 
the hydride phase occurs at temperatures above 150°C. 
as a result of matrix strain.
It does, however, seem unlikely that a variation 
in the ductility of the hydride phase with temperature 
is wholly responsible for the observed transition 
temperature effect since this temperature is found to 
vary with hydrogen content. Moreover, the enhanced
ductility of the hydride phase at 170°C. noted by
71 70Parry and Evans and acknowledged by Coleman and Hardie ,
is thought by the latter workers to be of far.less
importance than the presence of the many cracks generated
within the hydride precipitates at this temperature. An
.investigation of the tensile deformation and fracture
behaviour of bulk single phase '6-hydride, ZrH^ ^ , by
72Barraclough and Beevers showed that fracture invariably.
preceded measurable plastic deformation at temperatures
between 22°C, and 500°C. This result is at variance
71with the work of Parry and Evans and tends to invalidate
any explanation of the embrittling effect of hydrogen
in zirconium based on a variation of ductility of the
hydride phase with temperature.
The explanation of the transition temperature effect
in zirconium-hydrogen alloys in terms of the interaction
51of twins and precipitates was discussed by Cotterill •
The effects of twinning in the matrix on the precipitated
hydride were considered largely because the embrittling
effect of hydrogen in zirconium had been noted at low
temperatures and under conditions of high strain rate,
59Under these conditions it was thought that twinning 
frequency would be increased and the number of cracks
generated by tv/in interaction with, the hydride
precipitates would also increase. It is interesting
to note, however, that although there is experimental
evidence that the frequency of twinning increases in
73single crystals of zirconium at low temperatures ,
there is little direct evidence which relates it to
7k ■strain rate. Since Westlake demonstrated that the 
ductility of zirconium might actually be increased by 
the prolific twinning that occurs at low temperatures, 
it was concluded that the interaction of twins and 
hydride precipitates in zirconium was only one method 
of generating microcracks within this phase. It 
therefore appeared that the role of twinning in the 
initiation of cracks had been over-empliasised in 
attempts at an explanation of the transition temperature 
effect.
The proposal that the cracking within the hydr-ide 
precipitates in some way induced a change of fracture 
mode in the matrix with temperature was rejected on 
the grounds that, even in liydrided specimens plastic
deformation of the zirconium matrix invariably occurred
59 70 75prior to failure . Macro and microscopic' ’
examination of the surfaces of hydrided zirconium
specimens fractured above and below the transition
temperature showed essentially similar features which
further suggested that there was no change, with
temperature, in the fracture mode of zirconium. There
is, therefore, every indication that irrespective of
■whether the fracture is of high or low energy the 
zirconium matrix in . z.irconiuin-hydrogen alloys fails 
by ductile rupture. An examination of the micrographic
ry /
evidence presented by Louthan and by
77 67Hoagland and Bement and by Beevers to illustrate
matrix cleavage in these alloys shows that it closely
resembles micrographs of cleavage in the hydride phase
70which is documented by Coleman and Hardie and by
78Ostberg and Lehtinen .
The possibility of a change in the fracture mode
of zirconium-hydrogen alloys with increasing strain
rate was also the subject of several experimental
investigations since the embrittling effect of hydrogen
in zirconium came to be noticed largely as a result of
high strain rate tests. The properties of tensile
specimens which had been machined from broken impact
68specimens appeared to show a strain rate effect 
when the mechanical properties of annealed and liydrided 
zirconium samples were compared. The values of the 
fracture stress and ductility were found to be very 
similar for both types of material but the impact energy 
values for the hydrided zirconium were considerably lower 
than those of the annealed metal. The distributions of 
stress in the two types of test employed are widely 
different, particularly since the high strain rate test
involves the production of a notch in the specimen, and
/
this tends to detract slightly from the value of the 
conclusions reached regarding the effect of strain rate.
Additional information on the effect of strain 
rate on the mechanical behaviour of the zirconium-
hydrogen alloys was provided by application of a
79 80slow bend test' * While Call was unable to
correlate the results of slow bend testing and impact
47testing of Zircaloy-2, Muehienkamp and Schwope found 
greater ductility in terms of reduction of area, under 
slow bend conditions than under impact conditions*
These authors concluded that the embrittling effect of 
hydrogen in zirconium was strain rate dependent*
70 gi
However, the work of Coleman and Hardie ’ , who
examined zirconium-hydrogen alloys under slow bend 
conditions, showed that cracks could propagate through 
the specimens in an unstable manner even at low strain 
rates* This type of mechanical test which shows the 
embrittling effect of hydrogen in zirconium quite 
markedly serves also to demonstrate the importance of 
triaxiality in the stress system*
Another factor which was found to affect the 
elongation to failure of zirconium-hydrogen alloys under 
tensile testing conditions was the orientation of the 
hydride precipitates* On slow cooling from the 
hydriding temperature, these precipitates appear as
platelets under the optical microscope. Both
71 82Parry and Evans' and Marshall and Louthan found that
even with fairly low concentrations of hydrogen, the
failure of zirconium-hydrogen alloys occurred with little
or no elongation if the majority of the precipitates were
orientated with their major axis at right angles to 
the axis of* tension*,
The nucleation and propagation of* cracks in 
zirconium-hydrogen alloys at ~196°C. was studied by
Q o
Warren and Beevers who concluded that, although the
nucleation of cracks with the hydride was independent
of precipitate orientation, the subsequent propagation
of these cracks was markedly dependent on hydride
alignment. Of the three modes of deformation of
zirconium, {1012] and {1121] twinning and {'lOlOj slip
it was shown that only the last two fractured hydride
84precipitates* The suggestion of Young and Schwartz 
that cracks were initiated at the interfaces of the
hydride precipitates and the matrix was discounted by
65 59both Beevers and Westlake who demonstrated that it
was the initiation of cracks within the hydride that
led ultimately to the failure of the specimen. Beever
suggested that the critical stage of embrittlement was
not the nucleation of cracks within the precipitates
but their subsequent growth and propagation in these
sites and in the matrix.
The fracture of zirconium-hydrogen alloys was
85studied by Beevers and Edmonds and it was reported 
that hydride precipitates which were orientated with 
their major axis parallel to the axis of tension 
fractured preferentially. Though this result is in
65 • •agreement with earlier work by Beevers xt xs at 
variance with the more widely accepted ideas of the
preferential fracture of zirconium hydride platelets 
orietitated with their major axis normal to the 
direction of applied stress. Xt was concluded that 
hydride precipitates with their major axis parallel 
to the axis of tension strengthened the matrix until 
the stress transferred to them by matrix deformation 
exceeded their fracture stress. Under similar 
conditions of cooling from the hydriding temperature, 
it was observed that an increase in hydrogen content 
tended to produce thicker precipitates rather than 
increase their number. Xt was suggested that thicker 
precipitates might hinder deformation of the zirconium 
matrix and therefore favour a build-up of internal 
stress.
58Walters noted the importance of the fraction
of the cross sectional area of the specimen which- was
occupied by zirconium hydride and the effect of grain
size. In zirconium-hydrogen alloys slowly cooled
fx-om the hydriding temperature, the precipitation of
hydride occurs principally at grain boundaries and an
embrittling effect would be more marked in specimens
in which the grain size is comparable to the specimen
thickness. Moreover, the hydride phase produced by
slow cooling is known to fail in a brittle manner at
o 6Ptemperatures of up to 500 C. and therefore the 
continuity of the hydride precipitate across the
thickness of a specimen is of considerable importance.
58Walters showed that for a given fraction of liydride
it would be possible with the appropriate grain size 
to produce a network of brittle phase across the 
thickness of a specimen. He suggested that since the 
hydride formed at grain boundaries under slow cooling 
conditions it might be possible to reduce the area of 
grain boundary affected by a reduction in grain size.
In this way, a crack initiated in and propagating 
through the brittle hydride phase would quickly be 
confronted with an interface beyond which would be a * 
ductile matrix material. Xn crossing the interface 
and propagating through this matrix the energy of the 
crack might be reduced sufficiently for its progress to 
be arrested and therefore the embrittling effect of 
hydrogen in zirconium can be related simply to the 
proportion of the cross sectional area locally traversed 
by brittle hydride precipitate.
2. 3* 3<> Summary
From the literature reviewed the following 
conclusions may be drawn concerning the effect of hydrogen 
on zirconium:
1. Hydrogen only presents a serious problem in zirconium 
when its concentration exceeds the solubility limit.
2. The presence of precipitated hydride in zirconium
is responsible for a deterioration in its mechanical 
properties, particularly under conditions of high 
strain rate and low temperature.
3. The mechanical property affected most markedly by 
the presence of hydride in zirconium-hydrogen alloys
.is ductility.
4. Under notched bar impact test conditions, a 
brittle/ductile transition temperature effect 
is observed which cannot be explained by the 
variation in the solid solubility limit of 
hydrogen in zirconium with temperature.
5. The transition temperature effect in zirconium- 
hydrogen alloys cannot be adequately explained 
by a variation of the ductility of the hydride 
phase itself with temperature.
6. The transition temperature varies with hydrogen 
content.
7• The equilibrium hydride phase fails before
measurable plastic deformation at all temperatures 
from 22°C. to 500°C.
8. The interaction of twins and precipitates is 
only one way of initiating cracks within the 
hydrides and therefore the transition temperature 
effect cannot be explained by the variation of 
matrix twinning frequency with temperature.
9* Failure of the zirconium matrix never seems to
occur by cleavage and even in apparently brittle 
zirconium-hydrogen alloys it occurs by ductile rupture 
in the areas between the hydrides.
1.0. The hydride precipitates can form cracks by load
transference from the deforming matrix and fracture 
surfaces appear similar whether the etiergy absorbed 
in failure is low or high.
56
11. Since the hydride precipitate fails by cleavage 
the energy to failure of zirconium-hydrogen 
alloys is affected by the continuity of the 
precipitate within the specimen and hence by the 
grain size. There is an additional effect due to 
the cooling rate from the hydriding temperature 
which affects the morphology, crystal structure 
and distribution of the precipitate.
12. Although a high strain rate appears to raise the 
transition temperature in zirconium-hydrogen alloys 
it is not an essential requirement for the 
propagation of cracks in an unstable manner.
13* The presence of a triaxial stress system is necessary 
for local yield to occur before general yielding.
This explains the embrittling effect noted under 
notched bar impact testing conditions.
2. 4. The Objectives of the Present Work
It is clear from the literature reviewed that the 
effects of hydrogen on the constitution and mechanical 
properties of zirconium-hydrogen alloys are complex. It 
has been established that a considerable number of 
metallurgical variables may modify the effects of hydrogen 
on zirconium and it is concluded that not only is the 
concentration of hydrogen in excess of the solubility 
limit of paramount importance but that the nature and 
sites of precipitation may also affect the mechanical 
properties of these alloys.
It has proved difficult to correlate the observations
of the occurrence of the hydride phases in alloys of 
widely different hydrogen concentrations from the 
current literature largely due to uncertainty 
regarding the nature and formation of the anomalous 
Y-phase* Indeed, many of the investigations of phase 
relationships in the 04-8 region have been made with 
complex practical nuclear materials such as pressure 
tubes and reactor fuels* However, it is appreciated 
that the objects of much of this work were concerned 
with the characterization of these materials from a 
practical point of view and probably not with more 
fundamental aspects of microstructure and mechanical 
properties,
Similar difficulties were encountered in correlating 
the mechanical property data of one report and another 
due, once again to the highly specific nature of the 
results and to the large number of independent variables 
which may affect both microstructure and mechanical 
properties® As an example, it proved difficult to 
correlate the results of impact tests at high and low 
temperatures with those of notched bar slow bend tests 
at different strain rates when each group of tests was 
performed on materials of different purity, different 
hydx'ogen concentration, different physical dimensions 
and frequently of unspecified phase analysis.
One means by which these difficulties may be 
overcome is by a systematic survey investigation, on 
a standard material, of the effects of hydrogen on the
microstructure and mechanical properties of zirconium- 
hydrogen alloys. The remainder of this thesis is 
devoted to a report of such an investigation. The 
objedtives of the present work are an examination of:
1, the effects of cooling rate from the a-phase region 
on the constitution of zirconium-hydrogen alloys 
and on the morphology and distribution of the 
hydride precipitates,
2, the effects of precipitate morphology, distribution 
and nature on room temperature tensile properties,
3, the effects of these microstructural variables on 
the modes of failure at room temperature.
The microstructures of the alloys were varied by 
introducing hydrogen to samples of a-zirconium to form 
solid solutions of several concentrations and subsequently 
cooling them to room temperature at different rates. It 
was anticipated that not only would this procedure 
enable a variety of microstructures to be produced but 
also that it might involve the formation of the 
metastable hydride, y-phase (see section 2. 1, 6,), The 
microstructures of the alloys produced by different 
hydriding procedures were examined metallographically and 
the phases present identified by means of X-x'ay 
diffraction, The mechanical properties of the alloys 
were studied by means of room temperature tensile tests 
at a variety of strain rates and fractured specimens were 
examined by means of metallographic techniques and 
‘scanning electron microscopy.
3* Experimental Techniques 
3« 1« The Material Used
The investigation was confined to zirconiurn-hydrogen 
alloys based on commercial zirconium supplied by the 
U.K.A.E.A., Springfields, as Reactor Grade Sponge 
zirconium. The Zircaloys, although they are the material 
used in practice, were not included in this work in order 
to avoid the complication of the presence of complex 
intermetallic compounds of zirconium, tin, iron, chromium 
and nickel in the matrix. Reactor Grade zirconium, 
although not as pure as iodide zirconium, is the pure 
metal most closely related to practical nuclear 
technology and it was supplied for this work as rolled 
sheet and plate. A small quantity of iodide zirconium 
in the form of crystal bar was also supplied for 
comparative purposes.
The chemical analyses of these materials were as 
follows. The analyses, which are given in p.p.m. by 
weight, were supplied by the Chemical Services Department 
U.K.A.E.A., Springfields.
(1) Reactor Grade Sponge Zirconium
Oxygen 1300, nitrogen 80, hydrogen 20, hafnium 400, 
tin < 50, iron 3^0, nickel h0, chromium <100, 
aluminium 100, titanium <30, tungsten 20, lead 30.
(2) Iodide Crystal Bar Zirconium
Oxygen 63, nitrogen 13, hydrogen 12, hafnium 35» 
tin <50, iron 65, nickel 20, chromium <^0, 
aluminium < 23, titanium 10, tungsten < 25, lead 10
3. 2» The Preparation of Zirconium-Hydrogen Alloys
3® 2. 1. Apparatus
3, 2» 1* 1. The Vacuum Annealing Furnace ■
In order to avoid excessive oxidation and the
absorption of gases from the atmosphere the annealing
treatments were carried out under dynamic vacuum
conditions. In order to do this, a vacuum annealing
apparatus based on Yacseal V.S.2. furnace supplied by
Metals Research Ltd., was constructed. This furnace
had a 5cm. diameter work tube which was large enough
to accommodate the ro3.1ed zirconium strips and the
tensile specimens in groups of about twenty. A graded
furnace winding provided a uniform working temperature
in a zone of about 18cm. in length.
The furnace was evacuated by means of an Edwards F.403
oil diffusion pump backed by an Edwards 1SC150B rotary
pump. This pumping system enabled a dynamic vacuum of 
“52 - 5 x 10 torr to be maintained in the furnace at the 
annealing temperature and up to 1000°C. if required.
The temperature in the furnace was controlled to
4* „ 0- 2 C* in the working zone by means of a Eurotherm 
PeI.D.S.C.R. controller which was used in conjunction 
with a Pt/Pt 13yo Rh. thermocouple located underneath 
the furnace windings. The temperature gradient aloiig 
the, furnace tube was determined separately by means of 
a chromel/aluinel thermocouple and a potentiometer and
4* Ofound to be within - 2 C . in a zone of about 20cm. in 
length, The temperature ill this region was also found
to be within k ° C• of the t empex-ature set on the Euro therm
controller.
3. 2. 1, 2. The Hydriding Apparatus
3. 2. 1. 2. 1. General Description
In order to introduce measured quantities of hydrogen
to the zirconium specimens a hydriding apparatus based
25on that used by Sieverts was constructed. The technique
involving this apparatus was preferred to that of the
electrolysis-anneal method"^ * ^  because of certain
difficulties encountered in obtaining alloys of consistent
hydrogen content. There was also the possibility of the
absorption of oxygen by the specimens during electrolysis
25which is known to increase the hardness of zirconium
and also to affect the equilibrium phase relationships
(see section 2. 1.‘4,).
The essential features of the hydriding apparatus
used for the present work were (1 ) a high vacuum system
(2) a specimen reaction chamber (3 ) a calibrated volume
for measuring quantities of hydrogen and (4) a source of
pure hydrogen.
The apparatus is shown schematically as Fig.11.
The apparatus was evacuated by means of an Edwards
E.0.4. oil diffusion pump backed by an Edwards E.S.200
—  8rotary pump which gave a dynamic vacuum of about 10~ torr 
at the top of a baffle valve. The remainder of the 
hydriding apparatus was made of pyrex glass with the 
demountable furnace tube of fused silica.
Vacuum stopcocks were introduced into the system 
either to provide a means of isolating parts of the
xi
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Fig. 11 Modified Sieverts'Apparatus.
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system during the hydriding operation or to reduce the
surface area of glassware exposed to air while specimens
were being changed. The vacuum stopcocks were either
of4 the conical greased ground glass type or of the
greaseless P.T.F.E. type with an expanded cone and
screw action. These taps were found to be reliable in
-7maintaining static vacua of 2 - 5 x 10 torr within the 
apparatus.
The source of pure hydrogen for this work was 
MT/hite Spot” hydrogen (British Oxygen Co.), which was 
further purified by passage through a Johiison-Matthey 
Type Al silver/palladium diffusion leak operated at 
300°C.
3* 2. 1. 2«, 2. The Measurement of Pressure
Ultimate vacua within the hydriding apparatus were 
measured by means of an Edwards I.G.6.G. Ionization Gauge 
Head blown directly into the vacuum line and used in 
conjunction with an Edwards Ion 7 Ionization Gauge 
Controller. The accuracy of the instrument in the range
-4 ■ ■ -810 torr to 10 torr is claimed by the manufacturers 
to be - 4^ o.
Measurement of the pressure of hydrogen within the 
calibrated volume was achieved by means of a closed 
mercury manometer which was separated from the specimen 
chamber by means of a liquid nitrogen trap. During the 
hydriding operation the effects of mercury vapour on 
the pressure inside the furnace tube were eliminated by 
isolating the manometer from the apparatus.
3» 2» lo 2e 3» The Measurement of Temperature
During the hydriding treatment, the furnace
•{- otemperature was controlled to » 3 C, by means of a 
Eurotherm PeI.D.SeC,R. controller used in conjunction 
with a chromel/alumel thermocouple which was located 
underneath the furnace windings* Specimen temperatures 
were measured by means of a cliromel/alumel thermocouple 
and a potentiometer and since the specimens were inside 
the evacuated furnace tube their temperature was always 
slightly lower than the indicated furnace temperature*
A blank run with a thermocouple placed inside a 
furnace tube in an equivalent position to that occupied 
by the specimens suggested that the specimens would not 
be more than 10°C* below that at the surface of the 
glassware. It was known to be important that the 
temperature of the specimens did not rise to more than . 
700°C. because reference to the phase diagram of the 
zirconium-hydrogen system (Fig*7°) showed that the solid 
solubility limit of hydrogen in zirconium decreased 
above this temperature*
The Eurotherm furnace controller was therefore set 
to such a temperature that, after allowing for the 
location of the windings thermocouple, the air gap 
between the furnace tube and.the furnace and the presence 
of the silica specimen tube, the specimens were maintained 
at 550°C. - 5°C.
3e *3* 1, 2* h* Comments on Operation and Design 
Due to the nature of the hydriding operation
(see section 3* 2. 2* 3* )> certain physical
requirements were imposed on the design of the apparatus 
and as a result of many hydriding experiments several 
useful techniques were learned*
The apparatus was isolated into sections by means 
of the vacuum stox>cocks so as to expose the minimum of 
glass surface to the incoming gas when a specimen was 
about to be inserted. It was found beneficial to admit 
argon to the evacuated glassware rather than moist air 
since nioisture was readily adsorbed by the clean glass 
‘surfaces and was difficult to remove by pumping.
Once air had been admitted to the system it was 
invariably necessary to bake the glassware under vacuum 
firstly to achieve the required ultimate vacuum and 
secondly to avoid contamination of the surfaces of the 
zirconium specimens. An examination of the residual 
gases in the apparatus by means of a mass spectrometer 
showed that water vapour was the major impurity and that 
its concentration was only slowly reduced by pumping at 
room temperature• Having isolated the component parts 
of the hydriding apparatus and admitted argon to 
atmospheric pressure, the zirconium specimens were placed 
in the furnace tube and the apparatus was re-evacuated 
to 1 - 5 x 10”^torr.
The whole system was isolated from the pumps and 
the calibrated volume and apparatus was filled with 
hydrogen to the calculated pressure. The volume was sealed 
by means of a tap and the apparatus re-evacuated to
-71 - 5 x 10 torr* The apparatus was once again isolated 
from the pumps* the manometer circuit closed off. and 
the gas from the calibrated volume admitted to the 
specimen chamber* The specimens were then heated to 
550°C* , and homogenized for 3 hours and subsequently 
cooled at one of the chosen rates* If necessary, the 
rate of absorption of the hydrogen by the zirconium 
specimens was examined by opening the specimen chamber 
momentarily to the closed manometer circuit* The 
completion of the absorption process was indicated by 
a levelling of the mercury in both of the manometer 
arms *
The glass hydriding apparatus was developed from 
three unsatisfactory systems all of which involved the 
use of copper tubing, a bronze isolation valve and a
t
number of n0u ring seals* These features together with 
the large internal surface area of metal which rapidly 
became covered with oxide scale combined to give a high 
apparent leak rate when the specimen chamber was isolated 
from the pumj3ing system* In practice, this meant that once 
the specimen chamber was isolated the partial pressure of 
oxygen from the air leaking in rose very rapidly and the 
specimens oxidised immediately they were heated* For all 
practical purposes, the absorption rate of hydrogen was 
reduced to zero once this had occurred.
It was, in fact, found impossible to hydride 
successfully with these metal systems since the necessary 
static vacua could not be maintained at a sufficiently
high level for the length of time needed for the 
hydrogen to be absorbed. It was noted, during the 
course of experiments with these systems, that if the 
pressure rose to greater than 10 torr, the zirconium 
specimens formed visible oxide films at 550°C and the 
absorption of hydrogen virtually ceased. An alternative 
material for the construction of such a system would 
have been stainless steel, but in this instance its 
use was prohibited by its high cost.
The glass hydriding apparatus, on the other hand, 
proved satisfactory since its introduction and apart 
from oare in handling required little by way of modification 
or maintenance. The condition of the greased and 
P.T.F.E. taps has to be maintained but apart from this 
the system appears to have a certain fragility as its 
only disadvantage. The periodic use of a molecular 
sieve consisting of -g-" diameter pellets of aluminium 
calcium silicate was found beneficial for cleaning the 
glassware of water vapour, hydrocarbons from the tap 
grease and adsorbed gases and helped to reduce the 
problem of oxidation of the specimens under static vacuum 
conditions at 550°C.
3« 2c 2. Procedure
3. 2. 2. 1. Preliminary Treatment
The sponge zirconium was supplied in the form of 
sheet of about 2.5mm in thickness and in order to produce 
sheet of about 0.5mm in thickness, the as-received 
zirconium was annealed and subsequently reduced by means
of cold rolling and two intermediate anuealing 
treatments.
Sheet tensile specimens which conformed to the
requirements of British Standard Specification No.IS, 1^62,
were pressed from the rolled zirconium sheet by means
of a hydraulically operated die and annealed in groups
of about twenty. The intermediate annealing treatments
for the rolled sheet and the final treatment for the
otensile specimens were both carried out at 750 C • for
-5one hour at a pressure of 2 - 5 x 10 torr*
3. 2. 2. 2. Surface Preparation
The nature of the surfaces of zirconium to be
hydrided is known to be of great importance since the
presence of surface films can reduce the rate of hydrogen
25absorption to practically'- zero . In order to remove 
surface contamination, the zirconium specimens were either 
abraded or shot blasted in argon with silicon carbide 
grit and then degreased in Analar carbon tetrachloride.
Chemical polishing, in aqueous solutions of nitric 
and hydrofluoric acids, was generally found unsuitable as 
a surface preparation technique because the bright and 
apparently clean surfaces oxidised very rapidly on,heating 
during the hydriding treatment. It was found that 
specimens degreased in industrial methylated spirit also 
tended to oxidise during hydriding and although this was 
thought to be due to the presence of w^ater in these 
reagents there might also have been an effect due to the 
molecular oxygen.
’ 3« 2. 2. 3« The Hydriding Treatment
3» 2. 2. 3, 1. The Calculation of Required Volumes
of Hydrogen
The volumes of hydrogen to be admitted to the 
hydriding apparatus in order to produce zirconium-liydrogen 
alloys of the required compositions were calculated as 
f oilows•
If the required hydrogen concentration of the alloy
is N p.p.m. and the specimen weight is ¥ grains, the weight
¥of hydrogen in the alloy is.-—? x N grams,
10
Since 2 grams of hydrogen at S *T.P. occupy 22.4 litres, 
the volume of this mass of gas at S.T.P. is ¥ N x 22400 mx
2~1TT o ^~~
In the apparatus used for the present work this volume of 
gas was admitted to a calibrated volume, V^, at a 
temperature Tp and the corresponding pressure is given by 
the equation
P. V
Tx - T T
where P, Y and T are pressure, volume and absolute 
temperature respectively.
The pressure Pp in the calibrated volume Vp is given by 
P2 = 760 x ¥ x N x 22400 x T2 
273 x 106 x 2 x V2
which becomes
P2 = 76O x ¥ x N x 22400 x 293
«.m-n«.rrfrtn r-. nn»-.n. nrrn.., -. r, . rrTJwm_-joi*--T«n-r---r--ur
273 x 10 x 2 x 100 
since the calibrated volume was 100 mls and was maintained 
at 293°K in the present work.
Thus, in order to produce zirconium-hydrogen alloys of 
the required hydrogen content, the calibrated volume 
was filled with hydrogen to a calculated x^ressure and 
the volume of gas was subsequently admitted to the 
zirconium specimens.
3» 2. 2. 3. 2. The Hydriding Procedure
The introduction of calculated quantities of hydrogen 
to the zirconium tensile specimens was achieved by 
heating them to 550°C under a calculated pressure of . 
hydrogen. At this temperature, which is that of maximum 
.solid solubility, the hydrogen was absorbed by the 
zirconium and after a period of homogenization the alloys 
were cooled to room temperature. Alloys of three hydrogen 
concentrations, 100, 250 and 600 p.p.m. were prepared in 
this way and samples of each concentration were cooled 
at different rates to room temperature in order to produce 
the required variation's in the microstructure.
The clean, weighed zirconium specimens were placed
in the furnace tube of the hydriding apparatus which was
-7then evacuated to a pressure of about 2 x 10 torr. The
specimens were then outgassed for one hour at a
temperature of 600°C and allowed to cool when the
calculated quantity of hydrogen was admitted to the 
calibrated volume. This volume was isolated from the 
system while the excess hydrogen was pumped away and then 
the furnace tube was isolated once more from the pumping 
system and the calculated quantity of hydrogen was 
admitted to the furnace tube. The specimens were heated
to 550°C to allow them to absorb the hydrogen in the 
furance tube, were homogenized at this temperature for 
three hours and then cooled to room temperature at one 
of three chosen rates.
Furnace, or slow, cooling was achieved by switching 
off the power supply to the furnace but leaving it in 
position over the specimen tube. This procedure gave 
cooling conditions approaching equilibrium rates yet 
consistent with practical considerations and under these 
conditions a mass of zirconium of about 15 g. was found
v\
to cool to room temperature from 550°C is about 4 hours.
O fThe cooling rate was therefore'about 2 C/min. Fast
cooling was achieved by removal of the furnace from the
tube when the specimens cooled from 550°C to room
temperature in about vr hour in which case the cooling
rate was about 20°C/min. It was not possible to obtain
quenching conditions within the hydriding apparatus
because the specimen tube was under a static vacuum.
The specimens were therefore encapsulated, heat treated
and quenched in a separate operation. This operation
consisted of cooling the specimens slowly to room
temperature and then encapsulating them in groups of
-  5five under a pressure of about 5 x 10 torr. These 
capsules were then placed in a furnace and maintained 
at 550°C for 24 hours before they were ejected into a 
vessel which contained iced water. The thermal shock 
involved in this was usually sufficient to break the 
pyrex capsules but to ensure that the specimens were 
cooled as rapidly as possible the capsules were broken
with a hammer as they entered the water® On the
oassumption that the specimens were cooled to O C,
in about 2 seconds the cooling; rate was taken to be
about 250°C/sec,
It was later noted that the estimated values of
the cooling rates used in the present work did not
15correlate with those of Bradbroolc et al' who obtained
10,000 - 20,000°C/sec with their quenching procedure,
88In a study of heat transfer, Dardell noted that the 
maximum cooling rate obtained by quenching 20mm silver 
spheres from 700°C• into water at 8°C« was only in the 
region of 200°C/sec and could be increased to about 
600°C/sec only by vigorous agitation of the water. Even 
if allowance is made for the differences in specimen 
size it is difficult to understand, in a qualitative way, 
how cooling rates of the order of 10,000°C/sec were 
obtained,
3, 3« Microstructural Examination 
3, 3* 1« Polishing Techniques
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The microstructures of the zirconium-hydrogen 
alloys produced were examined metallographically to 
obtain information regarding the distribution and 
morphology of the hydx'ide precipitates.
Representative sauries were prepared by grinding 
on successively finer grades of silicon carbide paper 
culminating in 600 grade and then by polishing on 
rotating short-napped cloths impregnated with 6|im and 
Xjim diamond paste. On examination under the optical
microscope it was found that the polishing operation 
left the hydride precipitates standing proud of the 
matrix so that it was not possible to focus on both 
these phases in the microstructure at the same time*
This situation was more serious at higher magnifications 
due to the corresponding reduction in depth of focus.
An impression of the distribution of the hydride 
precipitates in the alloys was obtained by means of 
swab etching in a solution of 45 vol^ distilled water,
45 vol^o Analar nitric acid and 10 vol^o hydrofluoric 
acid (ho vol^o aqueous solution). This treatment, howeve 
tended to dissolve the hydride preferentially and was 
therefore unsuitable for the detailed examination of 
the shapes of the precipitates*
In order to produce specimens in which the fine
structure of the hydride precipitates could be examined
by means of optical microscopy, a method of attack
polishing was used. This method, which involves
simultaneous abrasion and slight chemical attack has
86been described by Kindle • The specimens were prepared 
to the l^m diamond stage as before.
A polythene container which fitted on to a normal 
polishing wheel was used to contain the polishing medium 
of chromic oxide and either distilled water or 2 vol(^ 
aqueous solution of hydrofluoric acid (40 vol$> aqueous 
solution). Inside the container, the Metron B polishing 
cloth was held on to a raised circular base by means of 
a polythene ring. Chromic oxide which was freshly
prepared by the ignition of Analar ammonium dichromate 
was sprinkled into the container and a paste established 
with distilled water and 1 or 2 mis of 1 vol$> hydrofluoric 
acid (4o$> aqueous solution). Great care was taken in 
the preparation of the chromic oxide to ensure that no 
unignited ammonium dichromate remained for it was found 
to stain the surfaces of the specimens. The specimens 
were polished in this medium for about two minutes after 
which the paste was washed from the polishing pad and 
re-established with distilled water* The polishing was 
resumed for a further five minutes and the specimens 
were then washed with distilled water, swabbed with 
technical grade methanol, dried and examiiied.
3» 3» 2. Brightfield Microscopy
It was found that the pale pink/grey coloured 
precipitates were virtually indistinguishable from the 
matrix when the alloys were examined under conditions 
of brightfield illumination and there was little 
improvement when polarized light was used. In certain 
cases, however, brightfield illumination was successfully 
used when specimens were of high hydrogen concentration 
or else had been stored for several days in a desiccator. 
The beneficial effect of storage in this way was probably 
a result of very slight corrosion and was regarded as 
purely fortuitous.
3> 3« 3, Interference Microscopy
The alloys were examined mainly in the unetched 
condition when it was found that the lack of contrast 
between the hydride precipitates and the zirconium matrix
could be overcome by the use of Nomarski Differential 
Interference Microscopy. The principles of interference 
contrast microscopy and the Nomarski double beam 
interference contrast microscope are explained in Zeiss 
Information pamphlet No.70, 1968 and three subsequent 
issues. The effect of the use of this technique which 
was found of particular value at magnifications of about 
1000 X, was to make the hydride precipitates appear either 
raised from or depressed into the zirconium matrix 
without losing the fine- details of precipitate morphology. 
The alloys were examined and photogx’aphed at magnifications 
of 100 X, 400 X and 1000 X by means of a Zeiss Ultrphot III 
photomicroscope.
The photographic technique involved the use of 
Ilford G30 chromatic plates which were developed in 
Teknol and fixed in Amfix at dilutions of 1:8 and 1:3 
respectively. Under these conditions it was found that 
the best results were obtained if the plate emulsion 
speed was re-rated at 18 D.I.N., and the Wollaston prism 
was adjusted to give a green coloured image.
3. 3* 4. Practography
3. 3. 1. Macro-Fractography
After mechanical testing, the fracture profiles 
and surface deformation in the alloys were examined 
and photographed at low magnifications by means of a 
Zeiss Tessovar fitted with an Exakta 35*nm camera. With 
this instrument, it was possible to photograph the fractured 
tensile specimens at magnifications of 0.8 X- 12,6 X and
still fill the negative*
3« 3» 2. Optical Micro-Fractography
The metallograiihic examination of the deformed 
and fractured regions of the zirconium-hydrogen alloys 
after mechanical testing was carried out by means of 
interference microscopy as described in section 3* 3» 3»
The specimens were examined at magnifications of 100 X,
400 X and 1000 X as before. At high magnification some 
difficulty was encountered in examining the area 
immediately adjacent to the fracture as a result of a 
slight rounding of the edge during polishing.
3. 3. 3. Scanning Electron Fractography
The fracture surfaces of several zirconium-hydrogen 
alloy tensile specimens were examined by means of a 
Cambridge S.E.M.2. scanning electron microscope. The 
fracture surfaces of alloys at the extremes of hydrogen 
concentration and cooling rate used in this work were 
examined and compared with those of unhydrided samples.
In this way, a series of zirconium-hydrogen alloys which 
showed a range of elongations to failure from <1$ to 26$ 
was examined. The fracture surfaces were usually orientated 
at h5° to the incident electron beam and examined at a 
variety of magnifications from 50 X to 5000 X in order to 
achieve a correspondence with the optical metallograjjhy.
The results, which were recorded photographically, were 
compared with each other in order to correlate the 
features of the fracture surfaces and the observed 
mechanical properties of the alloys.
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3c 4« The Identification of Phases
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3. 4. 1, General Aspects
In order to correlate the metallurgical structui-e 
and the mechanical properties of the zirconium-hydrogen 
alloys produced, an unambiguous identification of the 
constituent phases was required. In the zirconium- 
hydrogen system, an unambiguous identification is 
particularly important due to the occurrence of the 
so-called metastable Y~P^iase* The y-phase was identified 
in zirconium-hydrogen alloys at low hydrogen concentrations 
’( -*Tat.$) by Bailey"^, by Sidhu et al^^ and by
Bradbrook et al*^ and at high concentrations (
27 31 30by Beck , Moore^ and Barraclough and Beevers • It
is at present regarded as anomalous metastable phase in
the a +6 field of the accepted phase diagram of the
zirconium-hydrogen system (see Fig.7«)«
Since the hydride phases 6 and y are known to be
25metallographically undistinguishable , it was decided
to identify unambiguously the phases in the zirconium-
hydrogen alloys by means of X-ray diffraction.
A particular advantage of X-ray techniques is that
the samples examined are generally larger than those
used in transmission electron microscopy and therefore
tend to be more representative of the bulk material.
Some of the difficulties associated with obtaining
representative samples of hydrided Zircaloy-2 reactor
tubing for transmission electron microscopy have been
87noted by Bradbrook . In this instance, the problem
was particular!}' serious due to the tendency of the
hydride to precipitate in discrete clusters within the
87alloy# Bradbrook noted that the separation of the
colonies reduced the chance of including one in the
3mm disc sample and that the chance of finding one in
a thin foil made from this disc was quite small#
A further advantage of the relatively large samples
used in X-ray diffraction is that the effects of chemical
reagents used in their preparation are minimised* A
phase is less likely to be destroyed by chemical attack
in the large specimens used in X-ray diffraction than
in the thin foils used for transmission electron
microscopy and the reaction products are likely to have
a more noticeable effect on the apparent structure of
32a thin foil specimen* Thus Bailey , in a study of
hydride precipitation in zircoTiiuin by transmission
electron microscopy, attributed the presence" of certain
small clusters of hydride to the elec tropolisliing
technique of specimen preparation.
In the present work, the choice of a suitable X-ray
diffraction technique was limited by certain characteristic
of the specimens examined and it was necessary for the
X-ray diffraction technique to satisfy two specific
requirements#
The first requirement was the ability to resolve
diffracted X-ray signals corresponding to interplanar
o
spacings, or d values, of about 2,7 A# This was necessary 
because the d values of the lines in the X-ray diffraction
patterns of the phases a-zirconium, 8-hydride and y-hydride
which are most useful for purposes of phase identifications
o 89 025 o25
are 2.81 A , 2.759 A and 2.718 A respectively.
The second requirement was that the level of 
background radiation recorded should be as low as 
possible in order to avoid obscuring the weak X-ray 
diffraction patterns from the low concentrations of 
hydride in the specimens. In addition, it was preferred 
that the X-ray technique selected for this work should 
be able to accommodate thin foil samples ( v^ -50fim) as
the preparation of powdered samples was not practicable.
3. 2. X-Ray Powder Diffraction Techniques
3. fy. 2. 1. The Dobye-Scherrer Method
An attempt was made to identify the phases present 
in samples of the low hydrogen content zirconium-hydrogen 
alloys by means of the Debye-Scherrer Method.
Samples of about 0.5mm in thickness were cut from 
the end tabs of the zirconium-hydrogen alloy tensile 
test pieces and chemically thinned to about 50 jira in a 
solution of 45 vol. 5° Analar concentrated nitric acid 
and 10 v o l o f  hydrofluoric acid (^0 vol.$ aqueous 
solution of redistilled acid).
A thin sliver was cut from this foil and mounted 
at the centre of a Philips 11.^83cm,dia. X-ray camera 
and examined by means of nickel filtered CuKQ X-radiation 
from an X-ray tube operated at 50kV and 20mA. An 
exposure time of 75 minutes was used.
The Debye-Scherrer method was found to be unsuitable
for phase identification in the zirconium-hydrogen 
alloys examined for two reasons,. The first was that 
the resolution of the camera for diffracted X-ray
o
beams which corresponded to d values of about 2.7 A
was inadequate and the second was the presence of an
excessively high level of background radiation recorded
on the films.
The high level of background radiation recorded
was due to fluorescent X-radiation from the specimens
and was found to mask the X-ray diffraction patterns
from the hydride almost completely.
The reason for the occurrence of fluorescent
X-radiation from the specimens under these conditions
o
wa8 that K absorption edge of zirconium, O.6887 A,
though less than the wavelength of CuKq X-radiation 
, o1„54 A, was greater than the wavelengths of X-radiation
in the continuous spectrum which accompanied the
CuK X-radiation. The relative positions of the a
characteristic copper X-ray spectrum, the high intensity 
continuous spectrum and the K absorption edge for 
zirconium are shown on the schematic X-ray spectrum of 
a copper target operated at 50kV., Fig.12. It is evident 
from this diagram that even in the nickel filtered 
copper characteristic X-ray spectrum there is white 
radiation of appreciable intensity and of wavelengths 
less than the K absorption edge of zirconium.
The problem of excessive background radiation due 
to specimen K X-ray fluorescence could have been overcome
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by operation of the X-ray tube at such a potential
that there was no X-radiation in the incident beam
of wavelength less than the K absorption edge of
zirconium. The maximum value of the X-ray tube voltage
which could have been used without the production of
X-radiation of wavelength less than the absorption edge
of zirconium may be calculated from equation 13 which
90is taken from Cullity ,
V “  X2 ) ^ '00 c e , , , » o e o e . e , , . .  . . . . . .  • ■^•‘3 *
~ T
This equation relates the minimum wavelength of white 
X-radiation produced, X , and the accelerating potential 
of the X-ray tube. The value of V, the X-ray tube 
voltage which is just sufficient to excite fluorescent 
K X-radiation from zirconium is obtained by substitution 
of the IC absorption edge of zirconium in equation 13» 
thus,
v = 12,^00 i.e. 18,OlkV 
0,6887
It should be noted that the results of this calculation 
only apply to the operation of the X-ray tube at a 
steady voltage, V, as is obtained in a fully rectified 
and stabilised X-ray generator. Some care is needed in 
application of this equation in cases where the X-ray 
tube potential is time dependent, e.g, where self 
rectifying or fully rectified but unstabilized X-ray 
generators are used.
The problems of IC X-ray fluorescence and high level 
of background radiation could, therefore, have been 
overcome by operation of the X-ray tube at a voltage of
less than 18,OlkV, but in view of the poor resolution 
of the camera in the d value range of greatest interest, 
the Debye-Sctaerrer method was not considered suitable 
for the identification of the phases present in these 
alloys,
3« 2. 2. X-Ray Diffrac tome try
Preliminary experimental analysis of the phases 
present in the zirconium-hydrogen alloys by means of 
a Philips X-ray diffractometer and nickel filtered CuKQ 
X-radiation revealed two unexpected and unusual 
•difficulties. The first of these was due to the presence 
in the samples of a very marked 0001 texture which 
produced an exceptionally strong 0002 X-ray reflection 
from the a- zirconium. The intensity of this signal 
was so high that it exaggerated some normally insignificant 
inhomogeneities in the supposedly pure CuKQ X-ray beam. 
Thus, a series of minor signals due to X-radiation from 
trace elements in and on the copper X-ray target, e.g. 
iron and tungsten was observed on the diffractometer 
chart. The iron occurred in the copper X-ray target 
materials as a trace impurity and the tungsten was present 
as surface contamination as a result of evaporation of 
the filament. The positions, in terms of wavelength, of 
some of the characteristic X-ray lines of iron and tungsten 
relative to the X-ray spectrum of copper at 50kV are 
shown in Fig.13* The effect of the presence of these 
minor signals was to confuse the unambiguous identification 
of the phases present in the zirconium-hydrogen alloys
under examination.
Another abnormal effect noted during experiments
with zirconium-hydrogen alloys and the X-ray
diffractometer was the presence of the 0001 a-zirconium
X-ray reflection. This reflection is forbidden for
all h.c.p. crystal structures from Space Group
considerations, although the presence of forbidden
reflections has occasionally been reported in the
literature for other materials. An example of this is
the presence of weak second-order 222 X-ray reflections
in the diffraction patterns of diamond and other crystals
91which have this type of crystal structure . A suggested 
explanation associated this phenomenon with asymmetry 
in the vibrations of the atoms on their lattice sites.
Xn view of tlie highly exaggerated effect of X-ray 
signals due to trace impurities in the target material 
and the confusing presence of a normall}^ forbidden 
a-zirconium X-ray reflection, the technique of X-ray 
diffractometry was not applied to phase analysis in the 
zirconium-hydrogen alloys.
3* 2. 3* Focussing Camera Methods
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Preliminary experiments with an X-ray focussing 
camera with the CuKQ X-radiation were more successful 
than those with the techniques so far described. The 
phases present in the zirconium-hydrogen alloys examined 
were identified by means of X-ray diffraction through a 
thin foil of the material by means of a Nonius Guinier 
De Wolff Quadruple Focussing Camera Mark XI, used in
conjunction with unfiltered CuKQ radiation. The 
Guinier camera was also applied to the study of
zirconium-hydrogen alloys ill the range 100-1000 p.p.m.
3?hydrogen by Dailey •
The geometry of the Nonius camera which is used 
in conjunction with a focussing crystal monochromator 
is shown in Fig.14. From this drawing it can be seen 
that the radiation from the X-ray tube is incident upon 
the crystal monochromator before it is focussed through 
the specimen on to the X-ray film. In the present work 
unfiltered X-radiation from a copper target was 
diffracted from the {1011} planes of a quartz crystal 
monochromator and, by means of suitably positioned slits, 
the■CuIC X-ray beam was rendered essentially monochromatic 
before it was passed through the zirconium specimen. The 
quartz crystal is cut and bent in such a way that 
X-radiation diffracted from its {1011} planes is focussed 
on to a plane while X-radiation diffracted by the specimen 
is focussed to a spot the locus of which is known as the 
focussing circle. The focussed X-radiation diffracted 
through the specimen is recorded by means of an X-ray
sensitive film which is curved and placed on the
circumference of the focussing circle or some fraction 
of it.
The advantages of the focussing X-ray camera in
92, 93, 9hpowder diffraction have been described elsewhere _ 
but may be briefly summarized as follows:
1. The camera has a high angular dispex'sion which makes
C rysta l monochromator
Ipecimen
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focal tepotFig. 14 Geometry of focussing camera 
and crystal monochromator.
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it equivalent to a Debye~Sche2‘rer camera of 
22.9cm.dia.
2. The absorption and scatter of the diffracted
X-radiation is much less than is observed with a
Debye-Scherrer camera of equivalent diameter because 
the X-ray paths are shorter*
3* X-ray reflections at angles as low as 5°& may be
/ °\ studied (with CuKa X-radiation, d A). With an
11.483cm*dia. Debye-Scherrer camera the lowest
' angles at which X-ray reflections may be examined is
about 11°0 (with CuKQ X-radiation, d »4 a )*
4. 1/hereas X-i’ay beams diffracted by the specimen are
focussed on to the X-ray film, fluorescent 
X-radiation from the specimen is not. The contrast 
between the diffracted and fluorescent X-radiation 
is therefore increased.
5» Since the X-radiation entering the camera is
essentially monochromatic as a result of diffraction 
by the crystal monochromator and the location of 
slits, the level of background radiation is inherently 
low-. Stray X-3radiation from the incidence of this 
X-ray beam on structural components of the camera 
is minimised by suitably placed internal screens,
6. Xn the Nonius quadruple focussing camera it is
possible to produce X-ray diffraction patterns from 
four different samples simultaneously which reduces 
the effective instrument time.
There are, however, two major disadvantages associated
88
'with the use of* the Nonius focussing X-ray cameras 
le The location and alignment of the camera relative 
to the entrant X-ray beam is not easily achieved*
In practice, this difficulty was overcome by 
mounting the camera on a suitably adapted Myford 
lathe cross slide by means of which its movement 
in the directions, x, y, z and © could be accurately 
controlled. The camera and lathe attachment are 
shown in Fig*16.
2*. As a result of a design feature, it is not unusual 
for the focussing action of the Nonius camera to 
deteriorate without warning and therefore constant 
camera maintenance is required.
In order to focus the X-radiation diffracted from
the quartz crystal monochromator, it is necessary for
the quartz crystal to be bent to a fixed radius of
curvature and maintained in that position. In the
Nonius camera this is achieved by means of a plate spring
controlled by a screw adjustment which flexes the crystal
in a four-point bend rig. Experience showed that this
device was extraordinarily sensitive to external mechanical
vibration and to temperature fluctuations. If these
resulted in a deterioration in the focussing action of
the camera it was necessary for it to be re-aligned aiid
the X-ray beam from the crystal re-focussed. A useful
guide to this vex'y lengthy operation has been written by 
95Hughes .
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Fig . 16 Nonius M k I I  focussing cam era mounted on lathe attachm ent.
90
3« 4. 3« The Application of the Nonius Guinier
Camera Technique
3C 4, 3« 1. Specimen Preparation
Since the diffracted X-ray beams passed through
the zirconium specimen, it was necessary to reduce the
thickness of the foils examined to minimise the
attenuation of the X~ray signal. The mass absorption
coefficient of zirconium for CuK X-radiation isa
143 cm^ g» .
Reduction of the thickness of the zirconium-
.hydrogen alloy samples from about 500jim to about 50|im
was achieved by chemical thinning to perforation in a
solution of 45 vol#$ distilled water, 45 vol.^o Analar
concentrated nitric acid and 10 vol.$ hydrofluoric acid
(4 0 vol.$> aqueous solution).
The ratio of the intensities of the emergent and
incident CuKa X-ray beams after passage through a zirconium
specimen of 50}im in thickness was calculated from an
90equation given by Cullity
O
In this equation, I is the intensity of the X-ray beam,
IVpis the mass absorption coefficient of the element for 
the X-radiation concerned, p is the density of the specimen 
and x is the distance travelled by the X-ray beam through 
the specimen. Substitution of the appropriate values 
for zirconium and CuKQX-radiation in equation gives the 
ratio,
I .-143 x 6.50 x 5 x 10*“3 .
= e — u#ux
o
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Thus, transmission of a CuKa X-ray beam through a 
zirconium specimen of 50 jim in thickness gives a ratio 
of intensities of the emergent and incident X-ray beams 
of 0*01. This high degree of attenuation by the 
specimen is a contributory factor to the use of lengthy 
exposure times,
The chemically thinned zirconium-hydrogen alloy 
foils were mounted on Sellotape in a specimen holder, 
located in the Nonius camera and exposed to CuKa X-radiation 
from a tube operated at 44lcV, 18mA initially for periods 
of 16 hours but later for up to 48 hours,
3» 4, 3« 2. The -X-ra3r Photographic Technique 
Due to the proximity of the most useful X-ray 
reflections from the hydride phases and a-zirconium, it 
was important that the lines recorded on the X-ray film 
should be particularly well defined. Since the X-ray 
diffraction patterns from the hydride phases were 
invariably of low intensity in the low hydrogen content 
alloys examined, Ilford Industrial G X-ray film was used. 
This film is double coated with a high speed emulsion 
which is not excessively grainy. However, the geometry 
of the Nonius camera is such that the recorded X-ray 
beams are incident on the film at oblique angles and on 
passage through the film this geometry gives rise to an 
apparent broadening of every line. The effect is shown 
schematically in Fig.15» Since this broadening effect 
made the measurement of line position unnecessarily 
difficult the emulsion from the side of the X-ray film
£2
furthest away from the specimen was completely removed.
This was done during photographic processing in the 
following way. The films were removed from the Nonius 
camera in the darkroom and the emulsion to be removed 
was covered with P.V.C. adhesive tape. The films were 
then developed for the required time in Kodak D»X0~80 
developer with the tape adhering to one side. After 
development, the films were dipped into a stop bath and 
quickly washed for a few seconds in running water. The 
adhesive tape was carefully removed in a tank of water 
to avoid any electrostatic or mechanical effects which 
it was found could blacken the films and they were then 
fixed in Kodak Rapid Fix Solution A for 6 minutes. In 
this time, the masked and therefore undeveloped emulsion 
was dissolved completely and the effects of camera 
geometry on the apparent width of X-ray lines were avoided.
3. 4, 3. 3* The Analvsis of X-ray Films
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The films were measured with a Nonius CuKq d spacing 
ruler from a focal spot made on the X-ray films at 2SkV 
and minimum filament current by opening a shutter on the 
Nonius camera for about 1 second. Lists of d values were 
obtained for every film and phase identification was 
achieved by comparison of this data with published 
information1^’ 17* 9 6 .
The unambiguous identification of the phases present 
in the zirconium-hydrogen alloys examined was, however, 
severely hampered by the presence of many extraneous lines 
on the X-ray diffraction films. It was realised that
these lines were due to X-ray harmonic diffraction. On 
a short-term basis, it was decided to try to identify 
the phases present from the films alread}'- obtained but 
also to repeat the analysis in such a way that the effects 
of X-ray harmonic diffraction were avoided.
3» 4. 3. 4. The Effects of X-ray Harmonic Diffraction
The diffraction of harmonic X-radiation is an effect
associated with the use of crystal monochromators and its
97 ' 90occurrence has been noted by Henry et al and by Cull it}'-' „
XHarmonic X-radiation is of wavelength 4 where X is the 
principal wavelength of the X-radiation and n is an 
integer.
With normal exposure times of about 4 hours, the 
diffraction of-the low intensity harmonic X-radiation 
would have been of no consequence but due to the low 
concentration of hydride in the specimens examined, 
exposure times of about 50 hours were required in order 
to obtain measurable X-ray diffraction patterns from the 
precipitate. Under these conditions, the cumulative 
effect of the diffraction of harmonic X-radiation presented 
a serious problem because it reached the X-ray film in 
sufficient quantities to produce extra lines on it.
Harmonic X-ray patterns from the hydrides were not 
recorded at all, firstly because the concentration of 
these precipitates in the alloys was very low and, 
secondly because the intensity of the harmonic X-radiation 
was very low.
When measured with a Nonius d ruler, the extraneous
lines clearly corresponded to crystallographic planes 
whose d values were exactly twice those of the planes 
in a-zircouium. As a result, it was possible to 
attribute certain of these lines to harmonic X-ray 
diffraction from a-zirconium provided that the line 
corresponding to n = 1 in the Bragg equation and 
produced by the characteristic X-ray beam was also
visible on the film. As an example, a line which
. o ;
appeared at d = 5*6 A was attributed to harmonic X-ray
diffraction from the {101 0} planes of a-zirconium of 
o 89
d value 2.80 A. • However, the identification of these 
lines became very uncertain at higher Bragg angles 
because an unknown line could be due either to harmonic 
diffraction from the a-zirconium or to diffraction of 
CuK X-radiation from the hydride precipitates• Unless 
the Cu K q reflection from the a-zirconium was also present 
on the film there was no means of making a positive 
identification. Moreover, the intensity of the harmonic 
X-ray pattern from the a-zirconium was comparable to 
that of the CuK.Q X-ray pattern from the hydrides and 
since lines from these patterns frequently coincided the 
problem of phase identification was extremely difficult.
In order to overcome these difficulties, the 
following steps were taken:
1. The X-ray diffraction pattern of a-zirconium obtainabl
with CuKa X-radiation and a Nonius focussiiig camera 
was calculated.
2. This calculation was repeated for X-radiation of 
wavelength VpCuKQ ,
3* Tlie X-ray phase identification was repeated with
CuKa X-radiation from which the harmonic component,
had been eliminated.
Procedures 1 and 2 enabled a successful identification
of the phases present in the zirconium-hydrogen alloys
to be made from the Nonius X-ray films which showed
harmonic diffraction effects,
3, 4, 3» 5> The Calculation of X-ray Diffraction Patterns
The X-ray diffraction patterns obtainable from •
a-zirconium with CiiKQ and /^>CuICa X-radiation in a Nonius
camera were calculated by means of two computer programs,
98The first, Firedrake , was used to compute all possible
values of the interplanar spacings for a given unit cell
by solution of the lattice geometry equations given by 
90Cullity c In this program, allowance was made for
general Space Group absences, e,g, for a-zirconium whose
Space Group number is 19^* reflections of the type h h 2h 1
are only allowed if 1 is even. The appropriate cell
parameters and Space Group number for a-zirconium were
used as input data and all possible values of the
interplanar spacings, d, were obtained as output.
The theory of Space Groups correlates symmetry on
the atomic scale and the possible atomic arrangements
which possess that symmetry. Given that a substance is
of hexagonal crystal structure with n atoms in the unit
cell, Space Group theory enables all possible arrangements
of n atoms which will have hexagonal symmetry to be listed,
98The second program, Firefly , was used to calculate
the intensity of each X-ray reflection by solution
of the appropriate structure factor equation (see, for
90 \example, Cullity ;• In the case of a a-zirconium,
certain of the X-ray reflections allowed by general
Space Group considerations are ultimately forbidden
because the zirconium atoms are in special positions„
These reflections were listed in the output from 
98Firefly as being of zero intensity* The conditions
for allowed X-ray reflections for the given Space Group
99Number were obtained from the International Tables •
The X-ray diffraction patterns from the hydride phases 
were also calculated by means of Firedrake and Firefly 
from data obtained from standard references'^5 ^
The output from the computer programs was compared 
with both published data and the measurements taken from 
the Nonius films. The identification of phases was 
greatly facilitated by knowledge of the possible d values 
from both the zirconium and the hydride phases and many 
unidentified X-ray lines were subsequently identified as 
harmonic diffraction effects from the a-zirconium.
This procedure enabled use to be made of the films 
which showed the effects of harmonic X-ray diffraction 
but the identification of phases was made easier by 
elimination of these effects. In order to alter the 
experimental conditions so as to avoid the effects of 
X-ray harmonic diffraction it was necessary to know 
their origin.
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3» 3* The Origin and Removal of X-ray Harmonic
Diffractlon Effects 
X-ray harmonic diffraction effects :Ln the Nonius 
camera are a consequence of the use of a crystal 
monochromator and occur in the following way.
X-radiation consisting of characteristic X-radiation 
and a continuous spectrum is incident upon the crystal 
manochrornator where it is diffracted according to 
Bragg * s law,
nX = 2d Sin © . . . „ 15.
Xn this equation, n is the order of diffraction, X is 
the wavelength of the incident radiation, d is the interplanar 
spacing and 0 is the Bragg angle at which the radiation 
strikes the crystal planes.
In practice, the value of d is fixed because the 
[1011] planes of the quartz monochromating costal are 
used and © is determined in the Nonius camera by suitably 
plac ed slits. Thus, the term n is fixed and therefoi'e, 
at an angle G, Bragg * s law will be obeyed for radiation 
of wavelengths X, etc., when n takes values of
1, 2, 3 etc. The crystal monochromator will therefore 
admit to the camera not only the desired X-radiation 
but also its harmonics of wavelengths etc., if they
are present in the incident beam.
An examination of the X-ray spectrum of copper at 
44kV as used fox’ the phase axialysis shows that in fact 
the incident X-ray beam does contain harmonic X-radiation.
The spectrum is shown schematically in Fig.17. and the
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*K  X-ray harmonics are indicated. The value of X 'n J
for the copper X-radiation used in this work, disregarding
t °CuK q ,^ may be taken as 1.5^ A and, therefore, the 
wavelength of the X-radiation diffracted at the same 
angle from the monochromator when n is 2 is VpCu.KQ ,
0.77 A. The wavelengths of the X-ray harmonics ^
X ° ^ °and ^  are 0.513 A and 0.383 A respectively, but in
practice the intensities of the X-beams are so low that
they produce no discernible effects.
When the characteristic copper X-ray beam was
diffracted by the zirconium specimens , Bragg * s lav/ was
obeyed by all the X-radiation in the beam. Thus, in
equation 15, n was 1 or 2, the wavelength was either
X or ^  and d was fixed. The X-ray beams of wavelength 
. \X and A, were therefore diffracted from the same sets 
of crystal planes in the zirconium at different Bragg 
angles which gave rise to two diffraction lines for every 
allowed reflection.
It was later realized that although the intensity 
of the harmonic X-radiation was very low, the production 
of a visible harmonic X-ray diffraction pattern from the 
zirconium was favoured not only by the use of long 
exposure times but also by the relatively high penetrating 
power of this X-radiation. Whereas the mass absorption
p
coefficient of zirconium for CuKa X-radiation is 1^3cm ~ g.
X 2for X-radiation of wavelength A/^  CuKQ it is only 19.5cm
The ratio of the intensities of ^  and XCuKQ in
the characteristic X-ray beam before and after passage
tkrougli a zirconium foil of 50|im in thickness may­
be calculated from data on the X-ray spectrum of 
copper at 401cV given by Parrish^^^, Thus, in the
incident unfiltered X-ray beam, the intensity of the
, k
characteristic copper X-radiation, Is ^1 ^ 10
and that of the harmonic X - r a d i a t i o n C u K Q Is
23*2 x 10 • Hence, in the incident X-ra}’- beam,
X A CuK
- 0.079/O ■
a
After this X-ray beam is passed through a zirconium 
foil specimen of 50fim in thickness the attenuation of 
its two components may be calculated from equation Ik 
to give
t Ji, , "19.5 X 6.5 X 5 X 10~3
2 Culv, _ 3.2 x 10 ‘- K e________________________
X XCuKq 41 x 10* * o"143 x 6*5 x 5 x 10“ 3
Solving this equation gives,
tA/ q “0# 63 + ^06h
,. 2. .Mn. = 0.79 X 10“3 x e
I ACuKa
and hence, after transmission through the specimen 
.^3 ~SpI K/n
X X
Comparing this ratio of intensities, 4*35/° with the 
ratio in the incident X-ray beam, 0.079/^? it is evident 
that passage through the zirconium specimen effectively 
increases the relative intensity of the unwanted 
harmonic X-radiation by approximately 55 times. This 
preferential transmission of the A/0CuKQ component of
the CuI\Q X-radiation also favours the production of an
appreciably intense harmonic X-ray diffraction pattern
from the a-zirconium© This calculation also heljjs to
explain the fact that the harmonic X-ray diffraction
pattern was of comparable intensity to that of the
CuKQX~ray patterns from the hydride precipitates (see
section 3© 4. 3© 4)© The intensity of the component^
of the C u K q X-ray beams could theoretically have been
reduced by the use of a filter with a IC absorption edge
o
of just greater than 0*77 A bu'k this would probably have 
proved to have practical problems• From the point of 
view of a suitable IC absorption edge the filter should 
ideally be made of rubidium whose IC absorption edge is 
0*bl5 A , but the use of a salt of this highly reactive 
alkali metal would jjrobably prove more practicable*
A better method of avoiding the effects of X-ray 
harmonic diffraction is to operate the X-ray tube under 
conditions such that it is not generated in the X-radiation 
from the target* This was done in the following way.
It is known that an increase in the operating voltage 
of an X-ray tube reduces the value of A0 , the shortC* ft ik e J-/ •
wavelength limit of the X-radiation produced (see, for
90 \example, Cullity ), Therefore, in order to avoid the 
generation of V,CuICQ X-radiation, the X-ray tube was 
operated at such a voltage that the short wavelength 
limit of the X-radiation produced was greater than ^  CuKa© 
The value of the X-ray tube voltage required to achieve 
this was calculated by substitution of the value of
102
0.77 A, X^CuKq , for X in equation 13. In order to 
ensure that tlie generation of X-radiation of wavelength 
\^CuKq was avoided the X-ray tube was operated at a 
voltage slightly lower than the calculated value of 
16 tlkV.
It was noted during the course of these calculations 
that the threshold voltage required to excite ^CiiKq 
X-radiation was not one half of the excitation potential, 
E, for C u K q  , X-radiation as suggested by Henry et al^» 
The excitation potential for characteristic K 
X-ray radiation is that required to remove an electx’on 
from the K shell of an atom of the target material to 
infinity and thus leave it in an excited state. 
Characteristic K X-radiation from the target is then 
produced by the movement of an electron from the L shell 
into the K shell vacancy. It follows from this that the 
energy of any characteristic X-radiation is always less
than that required to excite it. The application of the
97 \argument of Henry et al to the removal of components
from the characteristic CuICQ X-ray beams led, initially,
to a certain confusion and it is considered that the
argument is worth clarifying.
The wavelength of CuKQ characteristic X-radiation 
f o
is 1.54 A and this can be converted to an equivalent 
potential, by means of equation 13 thus
= 12,400 = 8• 06kVXCuKa -Y32P
This does not mean that an X-ray tube operated at 8«06kV
will give Cu Kq characteristic X-radiation, It means
that the value of the short wavelength limit of the
continuous X-ray spectrum from a target operated at
o
8„06kV is 1.3^ A, Similarly, the X-ray tube voltage
. o
required to give a value of A equal to 0.77^ AO © W e Jb t
( h/0 CuK ) is !6.12kV, Although these values of the
short wavelength limit of the continuous X-ray spectrum
from a copper target may be made to coincide with the
values of the characteristic X-ray spectrum they are
in no way related to it.
In order' to excite CuICQ characteristic X-radiation
an electron has to be removed from the K shell of a
copper atom to infinity in order to allow the vacancy
to be filled by one from the L shell. The energy required
to do this which may be calculated by substitution of
the value of the K absorption edge for copper in
equation 13 is 8,86kV, This is clearly greater than
the value 8,06kV which corresponds to the wavelength 
. o
1.5^ A, The energy levels, excitation potentials and
emission processes of an atom are shown in Fig,18.
97The argument of Henry et al , suggests that the 
threshold voltage for the excitation of X-radiation of 
wavelength ^CuKq is twice the excitation voltage of 
C u K q X-radiation, 17«72kV. The threshold potential for 
the excitation of X-radiation of wavelength equal to 
0,77 A ( \^CuKa ) is in fact l6„12kV as calculated by 
substitution of this value in equation 13-
In order to avoid the generation of ^  harmonic
X-radiation in the characteristic copper X-ray beam,
the short wavelength limit of the continuous spectrum
, o
was made greater than X^CuK q i.e. greater thaii 0,77 A,
by operation of the X-ray tube at a suitable voltage,
V,
Although substitution of this value of A in 
equation 13 gives V = l6,lkV, the X-ray tube was operated 
in practice at 12kV. The kilo-voltage setting on the 
X-ray generator was regarded as indicating a constant 
but not necessarily absolute value of the X-ray tube 
voltage* The operation of the X-ray tube at this low 
voltage was experimentally inconvenient because it 
involved a severe reduction in the power output* Moreover, 
it was not possible to overcome this problem by an 
increase in filament current. In subsequent exposures, 
partial compensation was achieved by the use of a Philips 
fully rectified and stabilized P.¥,1010 X-ray generator, 
but in spite of this, the repetition of the phase 
identification procedure necessitated the use of exposure 
times of 228 hours in order to obtain reasonable X-ray 
diffinaction patterns from the hydride precipitates,
3» 3» 7* The Re-examination of the Alloys
The zirconium-hydrogen alloys were re-examined in 
the Nonius camera with CuKQ X-radiation in which the 
^component was not present. The fine focus X-ray tube 
was operated at 121cV and 26mA and an exposure time of 
228 hours was normally used. The Ilford Industrial G X-ray 
films were left double coated for these exposures and after
photographic processing were measured by means of a 
Nonius d spacing ruler. The measurements were compared 
with published data"** "* * ^  as before in order
to identify the phases present in the alloys.
The measurement of the films obtained under these 
conditions was made much simpler by the absence of 
harmonic X-ray diffraction effects and was also facilitated 
by the use of a modified Kodak Coldlight Illuminator,
This illuminator, which was fitted with an Atlas SOX 
50 watt sodium lamp instead of with the usual fluorescent 
tubes was found particularly useful for the detection 
and measurement of faint lines on the films. As a result 
of the improvement in clarity of the X-ray films and 
the use of the modified illuminator it was possible not 
only to unambiguously identify the phases present in the 
alloys but also to put these measurements on a semi 
quantitative basis.
3* 3« 3. The Estimation of the Concentration of
Hydride Phases 
An.estimate of the concentrations of the hydride 
phases in the zirconium-hydrogen alloys was made in order* 
to establish the effect of various cooling rates from 
550°C on alloy constitution. This estimation was achieved 
by visual assessment of the intensities of lines in the 
X-ray diffraction patterns of the hydrides and comparison 
with an internal standard.
The X-ray diffraction film from the sample which 
contained 250 p.p.m. hydrogen was selected as a standard
and the tracks cox*responding to fast cooling and
quenching from 550°C were examined. The track from
the fast cooled sample showed a strong pattern from
the 6-phase and a weaker one from the y-phase and the
track from the quenched sample showed the reverse.
The lines selected for purposes of comparison were the
111 reflections of the 6 and y phases which corresponded
o o
to d values of 2,76 A and 2.72 A respectively. It was 
noted from the computed X-ray diffraction patterns that 
the absolute intensities of these reflections differed 
by only Wfi* Arbitrary visual intensities were allocated 
to these X-ray reflections as followss
(l) Zr-250 p.p.m. hydrogen, fast cooled from 550°C
111 § - 200 arbitrary units.
Illy - 50 arbitrary units.
' (2) Zr-250 p.p.m. hydrogen, quenched from 550°C
111g - 50 arbitrary units.
Illy - 200 arbitrary units.
The intensities of the 111 reflections of the 6 and 
y phases on films from other specimens were compared with 
those of the internal standard. An allowance was made 
for differences in the overall intensities of the films 
from different samples due to variations in specimen 
thickness.
The semi-quant.itative estimate of the fractions of 
the phases 6 and Y present in the zirconium-hydrogen 
alloys was achieved by multiplication of the concentration 
of the phase in the standard by a factor composed of
estimates of line intensity and background intensity*
Thus, if it were estimated that the lllg -hydride
line of the unknown sample was of three times the
intensity of the lllg line on the standard while the
background was twice as strong as the standard then
3
the factor used was /g* estimated concentration
of hydrogen present as §-phase in the unknown sample
3
was therefore taken as multiplied by 200, the
arbitrary concentration present as 6-phase in the 
internal standard,
3, 5» Mechanical Testing 
3, i* Tensile Testing
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3« 5» 1* 1» The Testing of Thin Specimens
Thin sheet specimens (0.5nim thickness) from the 
following groups of zirconium-hydrogen alloys were tested 
at room temperature at a variety of strain rates on 
an Instron machine,
(1) Zr-100 p,p,m, slow cooled, fast cooled and quenched
(2) Zr-250 p,p„m, slow cooled, fast cooled and quenched
(3 ) Zr-600 p,p,m, slow cooled, fast cooled and quenched
In view of the large number of possible combinations
of metallurgical variables such as hydrogen content, 
cooling rate and strain rate, it was necessary to prepare 
and test several specimens to obtain meaningful data.
At least four and usually more specimens typical of each 
metallurgical condition were tested at each of four 
strain rates and the mechanical property data obtained 
in terms of the parameters, elongation to failure,
O.l'Jo proof* stress, maximum or ultimate stress and 
nominal fracture stress* The Instron crosshead speeds 
selected Tor these tests were 0*02, 0.1. 0.5 and
5.0 cm/min. On a 2.5 cm gauge length these corresponded 
to absolute strain rates of 1.33* 6.66, 33*3 and
333*3 x 10"Vsec. Tensile property data was derived
y
from the load s extension curves plotted by the 
Instron chart recorder.
3* 5* 1* 2. Testing Under* Conditions of Triaxial Stress
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In order to examine the effects of a triaxial stress 
system and the presence of a stress concentrator on 
the elongation to failure of the thin sheet alloys, a
number of specimens were notched on one edge with a 
60° triangular needle file and a scalpel blade and 
subsequently tested in tension. The strain rates 
selected for these tests were the highest used for the 
unnotched specimens, 333*3 x 10~ /sec., and a value of 
twice this produced by an Instron crosshead movement of
10.0 cm/min. Specimens representative of the three 
compositions and cooling rates were examined and compared 
with unnotched samples. Where the notches in specimens 
are accurately and consistently machined, the value of 
the notch strength is given by the maximum load taken
by the specimen before failure divided by the original 
cross sectional area at the notch. In the present work, 
however, the unknown and presumably variable notch geometry 
produced by manual means was considered to reduce the 
significance of this parameter. The effects of a single
edge notch on the room temperature elongation to 
failure was demonstrated and measurements of this 
parameter considered valid. The values of failure 
stress for the notched specimens were considered 
useful for determining notch sensitivity at room 
temperature by comparison with the stresses of the 
unnotched specimens.
The effects of triaxiality of stress were further
investigated in terms of the effect of restraint by
102non deforming elements of material . In order to do 
this, a series of zirconium-hydrogen alloys of the 
same compositions and cooling rates as befox’e but of 
four times the thickness were prepared and tested in 
tension. Having established a trend in elongation to 
failure with increasing hydrogen concentration for 
thin sheet zirconium-liydrogen alloys, thick specimens 
typical of the extremes of concentration, cooling rate 
and strain rate were examined. The zirconium-hydrogen 
alloys in the form of sheet of 2.5mm in thickness which 
were tested at room temperature at strain rates of
— 4 / — 41..33 x 10 /sec., and 333 x 10 /sec., contained 100 p.p.m. 
and 600 p.p.m. hydrogen and were slow cooled and quenched 
from the hydriding temperature, For comparative purposes, 
thick specimens of these compositions and metallurgical 
conditions were single edge notched as before and tested 
at the same rates of strain. The values of eJ-ongation 
to failure, ultimate stress, 0*1$ Proof stress and 
nominal fracture stress were*for each hydrogen concentration
.and strain rate for the unnotched test pieces but 
in the case of the notched test pieces, the elongation 
to failure was considered the only truly valid 
measurement. Allowing for variability in the notch 
geometry, comparison of the ultimate stresses of the 
notched specimens with those of the unnotched specimens 
was still of use in determining the notch sensitivity 
of these alloys at room temperature*
3. 5» 1* 3« The Calculation of Work' Hardening Exponents 
From the metallography of the zirconium-hydrogen 
alloys as produced it was anticipated that the widely 
different distributions of hydride precipitate within 
these alloys with presumably different incoherency
op KO
dislocation configurations , would lead to
differences in the work hardening exponent. A precipitation
strengthening effect was anticipated as the hydride phase
was more highly dispersed and this appeared to be
substaiitiated by the trends in the ultimate and nominal
fracture stresses. In order to examine the effects of
hydrogen concentration, cooling rate and strain rate on
the work hardening exponents of the zirconium-hydrogen
103alloys examined, a computer* program was used to convert 
the load-extension curves from the Instron chart recorder 
to true stress-true strain curves and to measure the 
slopes of the plastic regions.
The work hardening exponents, m, for the alloys were 
given by the slopes of the true stress-true strain curves 
assuming them to be of the form,
m
cr^. ~ 13 E^. 16 •
•where a. and E, are true stress and true strain and B t t
is a constant* True stress and true strain values 
were obtained from the load extension curves generated 
by the Instron machine by means of* the following 
calculations„
1„ True Stress
Assuming a constant volume of specimen where A 
and 1 are the cross sectional area and length at any 
instant during plastic elongation and AQ and 1Q are the 
original values the following relationship is true,
A • 1» — A q 1Q *
Now
i_ = J-o + 1 = 1 + E 
±0 ^ - o
where E is the measured or engineering strain and 
therefore
A = Ao 
1+E-
The true stress, , is the load, P, which is constant, 
divided by the area over which it acts at any instant, 
hence,
CTt = P (J. + E)
A q
£ , however, is the nominal stress, cr , and hence, the 
A0
true stress, ou., is given by,
Ql S Q (l E ) * « c e e « o © * e « # e o e * * * * * e e * »  1 *7 •‘c n
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2. True Strain
The true strain, is given by the relationship
f l
Et ell
r
lo
that is
E,t - loge (^-o * -^)
lo
and hence
E't “ !Oge (l 4" E ) c.e.eeeceeooe.aecc.occ 1 8 «
where E is the engineering or measured strain.
The co-ordinates of the true stress-true strain 
points were calculated from load-extension data taken 
from the plastic portion of the Instron curve and a 
line was drawn through them after a least squares 
analysis. The slopes of these lines were then examined 
with respect to hydrogen concentration, cooling rate and 
strain rate. It was found, in practice, that significant 
differences in the work hardening exponents could be 
induced by sampling the elastic portions of the Instron 
curves. In order to minimise this effect, the computer 
calculations were repeated with a second set of readings 
from the same curves taken away from the limit of 
pr op o r t i on a 1 i t y .
3. 5» 2. Hardness Testing
An argument similar to that employed in the previous 
section suggested that the different distributions of 
hydride precipitate with correspondingly different
r O
configurations of colierency/incoherency dislocations *
might lead to differences in the macrohardness of 
the various alloys examined.
Macrohardness was measured by Vickers pyramidal 
diamond indentation under a 1 Kg load and the V.P.N. 
number obtained by conversion of the occular measurement 
of the indentation diagonals by means of tables 
provided with the instrument. The results were examined 
in terms of hydrogen concentration and cooling rate.
An attempt was made to measure the microhardnesses 
of the constituent phases in the zirconium-hydrogen 
alloys by means of an Akashi Microhardness machine« A 
Vickers diamond micro-indenter with a 25 g* load was 
used and the Vickers Pyramid Number was obtained from 
tables as befoi'e. In practice these indentations, 
even under the lowest available load, were too large 
in relation to the size of the hydride precipitate and 
overlapped into the body of the grain.
Since precipitate widths were in the range
1 - 5n^ whilst the width of the micro-indentation was
usually about 15|im, the results of the application of
tliis technique were not considered meaningful. A
possible solution to this problem, which meant that
the phases 6 and y *2ac^ again been shown to be
25metallographically indistinguishable , would possibly
be obtained from the preparation and examination of
72 'bulk hydrides .
4, Results
1« Chemical Analysis
Whilst it would have been desirable to know the 
hydrogen concentration of every specimen produced it 
was appreciated that this was not practicable and 
chemical analysis was therefore restricted to 
representative samples* Fox’ this reason the properties 
of the zirconium-hydrogen alloys examined in this work 
are imported in terms of nominal liydirogen content* 
Repx'esentative samples of the alloys produced were 
analysed for the elements hydx^ogen, oxygen and nitrogen 
by the Chemical Services Department, U*K,A.E;A*,
Springfields•
The hydrogen concentrations introduced by means 
of the modified Sioverts* apparatus compared favoui'ably 
in terms of accuracy and consistency with those reported
to be obtained by means of the electrolysis-anneal 
86 8*7technique * . At the 100 p.pem. hydrogen level the
analysis showed that hydrogen concentrations were - 12 p.p.m, 
while at the 600 p.p.m, level the range of concentration 
increased to - 9 0  p.p*m* The initial hydrogen concentration 
in the sponge zirconium was 20 p»p.m0 This increase in 
scatter in hydrogen concentration as the nominal 
concentration increases is possibly a reflection of the 
sensitivity of the rate of hydrogen 'absorption to specimen 
surface condition (see section 3® 2, 2. 2*). It was
also noted that at a nominal hydrogen concentration of 
600 p*p,m. the upper limit of the concentration scatter
115
band did not exceed the limit of solid solubility at
the hydriding temperature. The limit of* solid
solubility of hydrogen in a-zirconium at 550°C is
.f 2571'4 p.p.m0,6.1at.</o.
The analysis of representative samples of the
alloys produced also showed increases in the oxygen
contents after the hydriding treatment compared with
that of the as-received sponge zirconium. In one
alloy,the oxygen content increased from an as-received
value of 1300 p.p.m. to 1850 p.p.m. after a hydriding
treatment but increases in oxygen content were usually
confined to 200 p.p.m. - 300 p.p.in. Reference to 
10^published data shows that the highest concentration 
of oxygen observed is well within the limit of solid 
solubility of the gas in q-zirconium, 29*2at.$,
o68,^00 p.p.m. Assuming an atomic diameter of 2 A, a
rough calculation shows that the effect of an oxide 
o
film of 5000 A in thickness on both sides of a 500pm 
thick zirconium specimen would be to increase its 
apparent oxygen content by about 0.1at.$>, 177 p.p.m. 
Since the observed increases in oxygen content were of 
about 200 - 500 p.p.m., the pi-escnce of oxide films 
could have contributed significantly to the final oxygen 
analysis. The formation of such films would have been 
most likely to occur during the post-hydriding 
homogenization treatment under static vacuum conditions 
(see section 3• 2. 2. 3* 2).
There was no apparent change in the nitrogen
concentration of the metal during the heat treatment
and hydriding procedure.
h . 2. Hi crostructure
h* 2. 1. Grain Size
The grain size of the zirconium specimens before
and after hydriding was determined from optical
micrographs of rolling plane and tapered sections by
105means of the linear intercept method . From the 
metallography of the zirconium prior to the hydriding 
treatment it was observed that the equiaxed grains 
were of fairly uniform size and examination of the 
hydrided samples showed that the hydriding treatment 
had little effect on this aspect of the microstructure. 
Random lines were drawn on micrographs of metal before 
and after the hydriding treatments in sections 
representative of the rolling plane and a plane at about 
kp° to it. From the micrographs of the metal prior to 
hydriding the mean linear intercept was found to be 
52pm and after hydriding was 46[irn. The largest intercepts 
observed were 1 <S5 and 15 |^im respectively. 
h . 2. 2, The Distribution of Phases
The results of the metallographic examination of 
alloys typical of each hydrogen concentration and cooling 
rate are shown as Figs. 19 ~ *+8. For purposes of 
presentation} the results of Brightfield and Nomarski 
interference microscopy are combined and the technique 
used to obtain each micrograph is indicated in the 
accompanying text. Although the majority of the micrographs
were obtained by means of interference microscopy, 
brightfield microscopy was used in cases where the 
microstrueture was shown more clearly* Apart from 
the micrograph of the sheet sponge zirconium prior 
to hydriding, the specimens are shown in the unetched 
condition and the small spherical pits on many of 
the micrographs are attributed to the use of 
hydrofluoric acid during the attack polishing process 
(see section 3. 3* 1 «).
The micrographs of the alloys show the presence 
of equiaxed grains decorated in various ways by a 
precipitate of a pale grey-pink colour* There is no 
motallographic evidence to suggest that the x-)recipi^a^e 
might be composed of more than one phase* The 
micrographs show the increase in the volume fraction 
of the precipitated phase as the hydrogen concentration 
increases and the change from grain boundary to 
Widmanstatten precipitation as the cooling rate of the 
alloys from 550°C is increased (see Figs.4o, 44 and 47).
In the fast cooled and quenched specimens, the 
plate-lilce precipitates appear to intersect consistently 
at angles of 60° and 120° which suggests precipitation 
on a preferred matrix plane (see Figs*43 - 48)* In 
addition, there is evidence that the apparently coarse 
grain boundary precipitates in the slow cooled alloys 
are also made up of aggregates of plates or needles 
(see Figs.29, 32, 35. 38 and h5).
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Fig.19. Rolled and annealed 
zirconium prior to hydriding showing 
equiaxed grains. x200. Polarized 
light.
Fig.20. As above. x400. Etch pits 
are due to the attack polishing 
technique.
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Fig.21. Zr-100 ppm h ydrogen,slow 
cooled from 550*C. x100. Bright field 
illumination. Shows hydride precipit­
ation confined mainly to grain boundary 
sites.
Fig.22. As above x400.
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Fig.23. Zr-100 ppm hydrogen,slow
cooled from 550#C. x1000. Nomarski
technique and oil immersion.
120
'. Pig.24. Zr-100 ppm hydrogen,fast
\  ! \ " * cooled from 550# C. x100. Nomarski.
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Fig.25. As above x400.
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Fig.26. As above xIOOO. Oil
immersion.
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Fig.27. Zr-100 ppm hydrogen,quenched 
from 550°C. x100. Bright field 
illumination. Shows finely divided 
hydride as well as grain boundary 
prec ipitates.
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Fig.28. As above x400.
Fig.29. Zr-100 ppm hydrogen,quenched
from 550#C. xlOOO. Nomarski technique
and oil immersion.
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Fig.30. Zr-250 ppm hydrogen,slow 
cooled from 550°C. x 1 0 0 o Bright field 
illumination. Shows precipitation 
mainly at grain boundary sites.
,rc ? Fig.31. As above x400.
Fig.32. Zr-250 ppm hydrogen,slow
cooled from 550°C. x1000. Nomarski
technique and oil immersion.
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/ * JPig.33. Zr-250 ppm hydrogen,fastf r. .1 . , _ _ _
^  •** / . cooled from 550°C. x100. Nomarski.
Fig.34. As above x400.
Fig. 35. As above x1000o Oil
immersion.
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Fig.36. Zr-250 ppm hydrogen,quenched 
from 550°C. x100. Nomarski. Shows 
dispersed hydrides in the form of thin 
needles or plates.
Fig.37. As above x400.
Fig.38. As above x1000. Oil 
immersion. Shows composite nature 
of the grain boundary precipitate.
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Fig.39. Zr-600 ppm hydrogen,slow 
cooled from 550°C. x100. Bright field 
illumination. Shows almost continuous 
network of grain boundary hydride.
Fig.40. As above x400.
Fig.41. Zr-600 ppm hydrogen,slow
cooled from 550°C. x1000. Nomarski
technique and oil immersion.
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Fig.42. Zr-600 ppm hydrogen,slow cooled from 550 C. x1200.
Nomarski technique and oil immersion. Shows massive 
hydride precipitation at grain boundary sites.
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Fig.43. Zr-600 ppm hydrogen,fast 
cooled from 550°C. x100. Nomarski.
Fig.44. As above x400. Bright 
field illumination.
. Fig.45. Zr-600 ppm hydrogen,fast
cooled from 550°C. x1000. Nomarski
technique and oil immersion.
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Fig.46. Zr-600 ppm hydrogen,quenched 
from 550°C. x100. Nomarski. Shows 
Widmanstatten precipitation.
Fig.47. As above x400.
Fig.48. As above xIOOO. Oil
immersion.
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h* 2«. 3« Phase Identifiestion
The results of* the calculation of the X-ray
diffraction patterns of a-zirconiurn and the hydrides
5, y and e as described in section 3* ®^ 3® 5® are
presented as Tables 1 - 7 ®  These calculations were
necessary in order to make unambiguous phase
Xidentifications from films which showed 2^ harmonic
diffraction effects. Such films would otherwise have
been of no value for this purpose (see section 3® 3® 5)®
Reference to the calculated data (Tables 1 and 2)
clearly shows the way in which two X-ray reflections
from the same family of crystal planes may be obtained 
X
if 2^ components are present in the incident X-ray
beam. The calculated relative intensities of the lines
in the X-ray patterns of the hydrides 5 , y and e obtained
in the present work are in very good agreement with
27those obtained by Beck
For comparative purposes, Nonius X-ray films of 
sponge zirconium with and without the 2^ harmonic X-ray 
reflections are shown as Figs.^9 and 30. The films of 
the alloy Zr-230 p.p.m. hydrogen which were used as 
standards for the estimation of phase concentrations, 
are indexed to illustrate the proximity of the important 
lines for identification purposes and shown as Fig.31®
The analyses of trie X-ray films from the Nonius camera 
made by means of the method described in sections 
3® ®^ 3® 3®/S are presented as Tables 8 - 18 in terms of 
d values and x’elative intensities for all of the alloys
1 3 0
Xy2 Harmonic reflections
Fig 49
1010 0002 1010 1012 1120
2.799A 2.57A 2.459A 1.89A 1.616A
1013 2020 1122
1.46A 1.39A 1.36A
Fig 50
X Reflections from o -Z r
2021 0004
1.35A 1.28A
igs 49 and 50 Nonius X -ra y  films of a-Zirconium showing principal and 
harmonic reflections in terms of d and hkhkl
Fig 49 Harmonic reflections present 
Fig 50 Harmonic reflections absent
6111 y l l l  6200
2.76A v 2.719A 2.38A
6220/y202
1.69A
6311
1.43A
aZr a Z r a Z r  ceZr QfZr QfZr
/\
6111 /  y l l l
2 .76A 2.719A
\ \ 
r 200 6220/r 202 6311 
2.28A 1.69A 1.43A
6200
2.38A
Fig 51 Nonius X -ray  films of Zr-250 ppm Hydrogen showing hydride 
reflections in terms of d and hkl
examined. A summary of alloy constitution is 
presented as Table 19 and graphically as Figs.52 and 53»
The lines on which the identification of the.hydride 
phases was based were the 111, 200, 220 and 311 for 
S~phase and 111, 200 and 202 for y~pha.se. It was noted
that the reflection which corresponded to a d value of
o
1.69 A and which was frequently marked as a broad line 
coincided with both the 2206 and 202y reflections. The 
d value for both of these reflections is given as 1.689 
in published data^* 89* 96 ancj this reflection was
therefore indexed as 2205 and/or 202 y .
A comparison of the X-ray diffraction pattern of
81the unhydrided sponge zirconium and published data 
showed that a-zirconium was the only phase present in 
the starting material while similar comparisons of the 
data from the alloys showed that the phases 5 and y were 
present in every case. Intensity measurements, however, 
indicated that the relative concentrations of these 
phases depended on the rate at which the alloys were 
cooled from 550°C. Under slow cooling conditions the 
lines corresponding to the equilibrium precipitate, 6 -phase 
were of much greater intensity than those of the y -phase 
but as the cooling rate from the hydriding temperature 
was increased, the relative intensity of the X-ray 
pattern due to the y-phase became much greater. Under 
quenching conditions, X-ray intensity measurements 
suggested that the hydride phase was present almost 
exclusively as the face centred tetragonal hydride, y-phase
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Cooling rates from 550°C
800 Slow
Fast
Quench
700
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Replotted because ppm (6) + 
ppm (y) >  nominal hydrogen 
content
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0
100 200 300 400 600500
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Fig. 52 The effect of hydrogen concentration and cooling rate on
the concentration of 6 -phase in zirconium-hydrogen alloys.
Cooling rates as above
800
500
400
300
Replotted as 
above
200
100 500
)
400200 300 
Nominal hydrogen content (ppm)
Fig. 53 The effect of hydrogen concentration and cooling rate on
the concentration of y-phase in zirconium-hydrogen alloys.
3« Mechanical Properties
4. 3» 1* Tensile Properties
The room temperature tensile test data derived from
the load vs* extension curves plotted by the Xnstron
chart recorder is presented as Tables 20 - 30* The
standard method of* presentation used is the tabulation
of the mean result and standard deviation for each group
of alloys tested* The arithmetic means and standard
deviations were calculated according to the formulae .
101given by Dieter and m  cases in which a parameter was .
markedly affected by hydrogen concentration, cooling rate
or strain rate, the appropriate' data is presented
graphically. The values of the parameters elongation
to failure, 0.1$ proof stress, ultimate stress and
nominal fracture stress are therefore presented in terms
of these three variables.
From the data presented as Figs. 5k - 56, it is
evident that the values of elongation to failure were
markedly affected by hydrogen concentration and only
o .slightly affected by cooling rate from 550 C. From this 
data it is evident that the effect of increasing the 
hydrogen concentration is to progressively lower the 
elongation to failure from about 28$'for unhydrided 
material to about 8$ for alloys which contain 600 p.p.m. 
hydrogen. This effect occurs in alloys cooled at the 
three rates emx^loyed in the present work (see section
o p O p o \
The values of the elongation to failure appear to
.be only slightly affected by the cooling rate from 
550°C. and the effect is more pronounced in the 
elongations of the alloys of low hydrogen concentration, 
Fig. 5^. shows that the elongation to failure for the 
unhydrided zirconium is 28'p while that of the slow 
cooled alloy Zr-100 p.p.m. hydrogen is about 22$.
If an alloy of this composition.is quenched, the 
elongation is reduced to about iGfo as may be seen from 
Fig.56.
The values of the stress parameters (0.1$ proof
stress, ultimate and nominal fracture stress) appear
to be largely unaffected by variations in hydrogen
oconcentration, cooling rate from 550 C. and strain rate 
during testing. The data is presented mainly in 
tabular foxnn (Tables 22 and 23), but graphs are plotted 
of data in order to amplify certain points which are 
discussed in section 5» 2. 1. 3® There is evidence in 
Figs.57 - 62 that the effect of quenching alloys may be to 
increase slightly the values of the 0.1^ > proof and 
ultimate tensile stresses by means of increasing the 
degree of fineness and dispersion of the hydride phase 
but this is discussed more fully in section 5* 2. 1. 3®
The effects of triaxiality in the stress system 
were investigated by means of notching the thin sheet 
specimens on one edge as well as by testing thicker 
specimens (see section 3® 5* 1® 2.). The data obtained 
from these investigations are presented in Tables 2h - 29, 
from which it is evident that the parameter most markedly
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affected is the elongation to failure. The values 
of this parameter fox' the notched, thin specimens 
are presented in graphical form as Figs.63 *-'65.
A similar downward tx'end in elongation to failuare 
with increasing hydrogen concentration is shown for 
thick specimens as Figs.66and 67 and for thick notched 
specimens as Figs.68 and 69.
From Figs.63 “ 65, it may be seen that elongations 
to failure for notched, thin specimens range from 10$ 
for unhydrided sponge zirconium to 1$ for alloys of 
the type Zr-600 p.p.m. hydrogen. Xn Figs.63 - 65 the 
value of elongation fox' unhydrided, unnotched zirconium 
is indicated for comparative purposes and the graphs 
show that the effect of a notch is to reduce the 
elongation to failure in this material from 28$ to 10$„
A comparison of the graphs of elongation fox’ the notched 
and unnotched specimens (Figs.5^ - 56 and 63 - 65), 
shows that although the same progressive reduction with 
increasing hydrogen content is observed, the values of 
the elongation are reduced overall. Thus, in the case 
of unnotched slow cooled specimens the elongations range 
from 28$ for unhydx'ided material to 10$> for 600 p.p.m. 
hydrogen, while for notched slow cooled alloys the range 
is from 10$ to 1$>* From the graphs for the notched thin 
specimens (Figs.63 - 65) it is also evident that the 
values of elongation were not significantly affected by 
changes of strain rate. The strain rates used, however,
- h / -2 /were within two orders of magnitude, 10 /sec ~ 10 /sec.
and this result may not be extrapolated to impact
tests where strain rates are of the order of 
10 /sec,1 , i.e. elongation to failure is not
independent of stx'ain rate if it approaches impact 
testing rates.
The results of the calculations of work hardening 
exponents from true stress vs. true strain curves as 
described in section 3* 5* 1* 3« > presented in
Table 30. The calculation was performed with two sets 
of data taken from different parts of the plastic region 
of the load vs. extension curves and the results are 
given in columns A and B. The results were computed 
twice in order to examine the effects on the calculated 
work hardening' exponents of the inclusion of points 
taken from the elastic portion of the load extension 
curves, Jt was found that the values of the work 
hardening exponents' could be altered significantly by 
variations in sampling in the input data. The results 
of this work are discussed in section 5* 2. 1. 3* 3®
Hardness data, which was obtained by the methods
described in section 3- 5* 2. is combined for the sake
of convenience with tensile stx'ess data in Tables, 20,
21 and 26, and the form of presentation of mean and 
standard deviation is retained. The values of the 
macro-hardness appear to be largely independent of the 
hydrogen concentrations of the alloys. Since the values
for the alloys are very close to those of the unhydrided
4. 3» 2. Hardues
1 3 7
zirconium, it is assumed that the values obtained
represent a large contribution from the matrix• The
values of macro-hardness are in agreement with those 
32of Bailey who obtained ^200 V.P«N( for annealed 
sponge zirconium.
The measurement of micro-hardness as described 
in section 3° 3* 2. was unsuccessful because the 
indentations under the smallest available load were 
considerably larger than the widths of the hydride 
precipitatese Indentations were typically of the order 
of 15 |im in width while the precipitate widths were 
generally of about which meant that they spread
into the grain body. These measurements are not 
presented, The use of a lower load on the iudenter 
would have produced a smaller impression but almost 
certainly would have led to increased errors in 
measurement. 
h* 3. 3» Summary
The zirconium-hydrogen alloys tested were of three 
compositions, Zr-100, Sr-250 and Zr~600 p.p.m. hydrogen 
and samples of these were cooled at three rates, slow 
( ^2°C/min.), fast ( ~20°C/min.) and quenched ( ^250°C/s 
The mechanical properties investigation and the results 
obtained may be summarised as follows:
The properties examined were
1. The *room temperature tensile properties of the
alloys in thin sheet form both notched and unnotched
2. The room temperature tensile properties of zirconium
--hydrogen alloys in thick sheet form both notched 
and unnotched.
3® Macro and micro-hardness and, in addition, work 
hardening exponents.
The results obtained froru these measurements may
also be summarized as fol-lowss
1* The i:>arameter most significantly affected by the
addition of hydrogen was the elongation to failure 
which decreased as the hydrogen concentration 
increased.
'2. For alloys of a given hydrogen concentration,
variations in cooling rate from 550°C. did not
affect the values of elongation to failure.
3. The values of the elongation to failure-were
independent of the strain rates used in the present 
work for all of the alloys tested.
4. The effect of a single edge notch on elongation to 
failure was to reduce the value of this parameter 
for all alloys irrespective of hydrogen concentration 
and cooling rate.
5* For notched specimens, the trend in elongation to
failure was the same as for the unnotched specimens 
but occurred at a lower level overall.
6. The trends in elongation to failure for the thick 
specimens were similar to those shown by the thin 
sheet alloys and the values were not significantly 
different.
7. The stress pajrameters measured for the thin and thick
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specimens were not significantly affected by
ohydrogen concentration, cooling rate from 550 C, 
or strain rate during testing,
8, The alloys appear to be insensitive to notches in 
terms of stress under the conditions of test,
9, The values of macro-hardness appeared to be 
independent of hydrogen concentration and cooling 
rate,
10, No meaningful relationship was established between 
work hardening exponents and alloy composition and 
constitution,
4, h , Fractography
hm h, 1. Optical Examination
The results of the macro-examination of room 
temperature fracture profiles obtained by means of the 
use of the Zeiss Tessovar (see section 3* 3* 1*) are
presented as Figs, 70 - 72* In addition to an unhydrided 
sponge zirconium sample, the alloys examined in this 
way were Zr-100 p,p«m, and Zr-600 p,p,m, hydrogen, both 
of which were slow cooled from the hydriding temperature. 
The tendency for the angle of failure to change from 
k5° to 90° to the tensile axis and the reduction in the 
degree of necking as the hydrogen concentration of the 
specimens is increased is clearly shown in these 
photographs. The results of the examination of the 
deformed and fractured .regions of representative alloys 
by interference microscopy (see section 3® 3» 3*) are 
presented as Figs,73 - 76# The alloys examined were
Zr~10G p.p.m. and Zr~600 p.p.m. both slow cooled from 
the hydriding temperature and micrographs at 
magnifications of up to 1000 X are presented in order 
to relate fracture paths to the raicrostructures of the 
alloys examined in the as-l^drided condition. The 
micrograph presented as Fig.73* shows the presence of 
voids in the necked region of the low concentration 
alloy with no evidence of cracking in the precipitate.
The micrographs of the alloy Zr-600 p.p.m, hydrogen,
Q  -
slow cooled from 550 C., Figs.7^ end 75> show the 
existence of a grain boundary network of precipitate 
across the thickness of the specimen and that cracking 
occurs around the grains exclusively. The microstructure 
of the fractured region of this alloy is shown at 1000 X 
as Fig,76. and it is clear that not only is cracking 
confined to areas around the grains but that it is 
confined to the precipitate and does not occur along 
the matrix/precipitate interface. The embrittling 
hydride network in this case is composed mainly of 6-phase 
since the specimen was produced by slow cooling from 
the liydriding temperature.
4. 4. 2. Scanning Electron Examination
The results of the examination of a series of alloys 
which showed a range of elongations to failure <1$ to 26^ 
by means of scanning electron microscopy are presented 
as Figs. 77-85. The pliotograjjlis are presented at 
magnifications which allow the correlation of the three- 
dimensional fracture surfaces and the two dimensional
micrographs,. In addition to fractographs of 
unhydrided zirconium, those of slow cooled alloys 
at the extremes of the hydrogen conceiitration range 
examined are presented as Figs.80-85.
The fractographs presented as Figs.77-32. show 
the occurrence of surface voids and peaks in both 
the unhydrided specimen and that containing 100 p.p.m. 
hydrogen while those of the alloy Zr-600 p.p.m.,
Figs,83-85, show that cracking occurs along paths 
which are.almost certainly grain boundaries. The 
fractographs of the notched alloys (Figs.88-91) also 
show the presence of peaks and voids which suggests 
that the zirconium matrix fails in the same manner as 
for the unhydrided specimens.
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Pig.70. Fracture profile of u n ­
hydrided zirconium. Elongation to 
failure ~28%.
Pig.71. Fracture profile of Zr- 
100 ppm hydrogen,slow cooled from 
550°C. Elongation to failure ~20°/o.
Fig.72. Fracture profile of Zr- 
600 ppm hydrogen,slow cooled from 
550°C. Elongation ~1%.
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Pig.73. Fractured region of Zr- 
100 ppm hydrogen,slow cooled from 
550°C showing porosity in the necked 
zone. Tensile axis vertical. x100. 
Bright field illumination.
Fig.74. Transverse section of 
Zr-600 ppm hydrogen, slow cooled from 
550°C. showing hydride network across 
the specimen thickness. x400. Nomarski.
Fig.75. Fractured region of Zr- 
600 ppm hydrogen,slow cooled from 
550°C. showing cracking along hydride 
at grain boundaries. x400. Nomarski.
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Fig.76. Fractured region of Zr-600 ppm hydrogen,slow cooled 
from 550°C. showing cracking confined to the grain 
boundary hydride precipitate. x1000. Nomarski.
1 5 3
Fig.77. Scanning electron fract- 
ograph of unhydrided zirconium shoving 
porosity and rupture peaks. x600.
Fig.78. As above xi200.
Fig.79. As above x2500.
l $ k
Fig.80. Scanning electron fract- 
ograph of Zr-100 ppm hydrogen,slow 
cooled from 550*C. showing rupture peaks 
and porosity in the necked region. 
x500.
Fig.81 . As above x1000.
Fig.82. As above x2000.
155
Fig.83. Scanning electron fract- 
ograph of Zr-600 ppm hydrogen,slow 
cooled from 550°C. showing cracking 
along grain boundary precipitates. 
x550
Fig.84. As above x1100.
Fig.85. As above x2200.
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Fig.86. Scanning electron fract- 
ograph of unhydrided,edge notched 
zirconium showing peaks and porosity 
in the necked region. x600.
Fig.87. As above x1200.
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Fig.88. Scanning electron fract- 
ograph of Zr-100 ppm hydrogen,slow 
cooled from 550°C. and edge notched 
showing peaks in the fractured region. 
x650.
Fig.89. As above x1300.
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Fig.90. Scanning electron fract- 
ograph of Zr-600 npm hydrogen,slow 
cooled from 550°C. and edge notched 
showing peaks in the fractured zone.
x600.
Fig.91. As above x1200.
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5» Pi s oussion 
5» l t Alloy Structure
1 e 1 c M o t a 11 o g r a ph 1 c A s p e c t s
Tlie metallograpliic aspects of the zirconium 
hydrogen alloys examined in the present work are 
discussed with reference to the theoretical considerations 
reviewed in section 2,2,
Although the grain size of the zirconium appears 
to be unaltered by the heat treatment involved in the 
hydriding procedure, a metallographic examination of 
the alloys in the as-hydrided condition shows clearly 
that•the'distribution and morphology of the hydride 
precipitate is markedly effected by the rate of cooling 
from the a-phase field. The micrographs presented as 
Figs,21 - kS show consistent trends with respect to 
hydrogen concentration and cooling rate. Although the 
effects of an increase in cooling rate are reflected in 
the micrographs of the other alloys, they may be seen 
most clearly in those of the alloy Zr-600 p.p.m. hydrogen, 
Figs.39 ~ ^8.
It is observed that the volume fraction of 
precipitated phase increases as the hydrogen concentration 
increases and that the precipitate becomes more dispersed 
throughout the structure as the cooling rate from the 
a-phase region is increased. The volume fraction of 
hydride precipitate to be expected from 600 p.p.m. 
hydrogen maybe calculated as 3o3/» assuming that the 
hydride consists of 8-phase with eight hydrogen atoms
-24in a unit cell of 109 x 10 mis. The basis of the 
calculation is that G. 12 g, hydrogen will produce 1 ml 
of 5-phase of composition Zrll2 * However, estimates 
of the volume fraction of precipitate in this alloy 
based on point counting from micrographs suggest that 
in practice.the figure is about 10$. The probable reasons 
for the -difference in this value and the calculated 
value are firstly, that the scatter band in hydrogen 
concentration is highest at this level (see section 4. 1.) 
and secondly, the fact that the precipitates stand 
proud of the matrix (see section 3* 3* 2,), Thus, in 
order to obtain a micrograph of both matrix and 
precipitate, the microscope is set a little out of focus 
which makes the precipitates appear larger than they 
actually are.
The trends in microstructure may best be seen from 
the micrographs of specimens which contain 600 p.p.m. 
hydrogen. Under conditions of slow cooling from the 
G-phase field ( ^2°C/sec, see section 3* 2, 2. 3» 2,), 
the precipitates are bulky and confined to grain boundary 
sites (Figs,39 - 42), but as the cooling rate is increased 
a Widmanstatteu type of structure tends to predominate 
with the precipitate assuming a plate or needle-like 
shape (see Figs.43 - 48 and section 2. 2,), Although the 
precipitate morphologies in the slow cooled and quenched 
alloys are different, it has been noted in section 4, 2. 2 
that there is no metaliographic evidence to suggest that 
the precipitate is comx:>osed of more than one phase.
The composite nature of the grain boundary 
precipitate is illustrated by the Noraarski interference 
micrographs at high raagnifications, Figs.28, 37 and 47, 
from which it appears that the large grain boundary 
precipitates are made up of finer needles or plates 
at a small angle to their major axis* Further evidence 
of the composite nature of hydride precipitates in 
zirconium alloys has been obtained by means of replication 
and transmission electron microscopy by Babyak*^^. The 
magnifications used by Babyak are comparable to the 
•highest of those used iri the present work. The composite 
nature of the grain boundary precipitate is probably a 
X'esult of the effects of the strain energy term in 
equation 10, (section 2*2.) and the assumption of a 
plate-like morphology* Bradbrook et a l ^  have shown by 
transmission electron microscopy that the fine structure 
of hydride precipitates in zirconium is complex and that 
it may show internal twinning* However, twinning on this 
scale would not be observed by means of the optical 
methods of examination used in the present investigation* 
The metallographic observations of the effects of 
cooling rate on the precipitate morphology in these 
alloys appear to be consistent with the theoretical 
considerations expressed in several of the review articles 
on precipitation ~ and the general discussion 
presented as section 2*2*
The occurrence of an essentially grain boundary 
px'ecipitate under conditions of slow cooling from the
.solid solution temperature would be expected from
the observation of Hardy and Ileal^^^ that the rate
of precipitation is strongly dependent on the rate
of nucleation. Fig*10. shows that under slow cooling
conditions where the degree of under cooling is low
and the supersaturation is low the process of
nucleation is difficult. Under these conditions,
nucleation is confined to the most energetically^-
favourable sites which are the grain boundaries. At •
grain boundaries there is a high energy per atom due
•to the disarray and physical space for the formation of
a new phase which reduces the effect of strain energy.
Since the nucleation rate is low due to the low super
saturation and diffusion is fairly rapid the precipitate
morphology is growth controlled. The reasons for the
growth of a precipitate at grain boundaries are discussed
in section 2. 2. The nucleation of hydride precipitates
at grain boundary sites under conditions of slow cooling
32was observed by Bailey^ who concluded that precipitation
32was enhanced by the presence of dislocations* Bailey 
observed that the precipitates nucleated at the grain 
boundaries were of plate or needle-like shape and extended 
a short distance into the body of the grain. The 
assumption of this morphology suggests that the strain 
energy term in the growth equation is predominant and 
that the energy of inioregistry is being minimised firstly, 
by the assumption of plate-like morphology^’ and, 
secondly, by growth on a preferred crystallographic plane
38within tlie matrix^ * After growth into the body of
the grain has reached a certain value, however, it
appears as though the formation of another nucleus
at the grain boundary becomes energetically favourable.
Thus a series of short needles or plates growing into
the grain from the boundary may eventually become
sufficiently numerous to form an apparently massive
grain boundary precipitate. These short needle or
plate-like growths are often referred to as allotriomorphs
and the formation of a massive grain boundary precipitate
appears to occur by the gaps between them being filled
in by similarly nucleated precipitates® Evidence for
the formation of grain boundary precipitates in this
way was obtained in the present work and is illustrated
by Fig.35» a micrograph of the alloy Zr-250 p.p.m*
hydrogen, fast cooled from 550°C* This effect has also
86been noted by Ilindle •
Further evidence to suggest that a precipitate
confined mainly to grain boundary sites might be expected
under conditions of slow cooling is afforded by the
107work of Sawatzky . From an investigation of the 
diffusion of hydrogen in Zircaloy~2 this author concluded 
that under slow cooling conditions there would be ample 
time for the hydrogen atoms to reach the most favourable 
sites for the nucleation of a new phase and that these 
sites would almost always be grain boundaries.
Forsyth et al^^ observed that under conditions 
of slow cooling the degree of decoration by a precipitate
formed from solid solution could vary markedly around 
a grain boundary as the degree of disorder at the 
interface of one grain and another changed. In this 
way it would be possible for the boundary of a grain 
with several neighbours to be heavily decorated with 
precipitate in some parts and devoid of it in others.
In effect this represents a variation in the energy per 
atom around the boundary so that on cooling certain 
areas became thermodynamically unstable before others 
and hence precipitation in these regions is favoured.
From the metailographic evidence obtained in the present 
work, however, it is not possible to say whether this 
argument is applicable although grain boundaries sometimes 
appear to be decorated more heavily in some parts than 
in others (Fig.^l).
Under conditions of higher cooling rate from the 
solid solution phase field (about 20°C/min. and 250°C/sec,, 
see section 3« 2, 2. 3» 2,), the degree of under cooling 
and hence super saturation is high and this leads to 
an increased nucleation rate with reduced time for atomic 
diffusion. These factors tend to favour the formation 
of Widmanstatten structures (see section 2, 2, 2,), In 
addition to nucleation at the most favoured sites, 
nucleation occurs on a large scale to include less 
favoured sites within the grains and since growth is 
restricted by the rapid falls in temperature the precipitates 
tend not only to be physically small but also to adopt 
the morphology best suited to minimising the strain energy.
16.5
Widmanstatten structures are therefore usually
composed of plates or needles of precipitate on
preferred crystallographic planes within the matrix.
Examples of this type of structure observed in the
present work are shown as Figs,46 - 48, which are
micrographs of the alloy Zr-600 p.p.m. hydrogen,
oquenched from 550 C,
It is noted that in terms of the strains involved
in the transformation of a-solid solution to either of
the hydrides, § or Y » there is no reason to suppose
that one hydride might be confined preferentially to
one t3q?e of site within the matrix. If the a and c
o
parameters of a-zirconium are taken to be 3*23 A and
o 90
5.133 A respectively , the volume of the unit cell
1 1 0 3may be calculated as 46,4 A . Taking the lattice
? 5 ®parameter data for the 5-hydride as a = 4.78 A and
1 0 . 0for y-phase as a = 4.59 A and c = 4.97 A, the volumes 
of the unit cells of 5 and Y may be calculated as
O o O o
109«2 A and 104.8 A respectively. The volume/atom
ratio for the zirconium atoms in a-phase is 23.2 and
for the zirconium atoms in the phases 6 and Y it is
27*3 aricl 26,2 and on this basis, the volume changes
associated with the phase changes a 6 aT1d a y are
23o 2 - 27 . 3 a11d 23. 2 - 26. 2, These values are -17.7/& alld
23.3 23.2
-12.9/0 respectively. Since these are very similar the 
strain energy terms associated with the transformations 
a and g  — >Y will be very similar and therefore this
term is unlikely to favour the formation of either 
of these phases in one particular site in the matrix.
From strain energy considerations there would be 110 
reason to suppose that the formation of 6-phase from 
a -would occur in grain boundary sites rather than the 
formation of y-phase. It is therefore most unlikely 
that the nature of a hydride phase could be established 
from its site of precipitation in the zirconium matrix.
The repeated occurrence of needles of precipitate
with consistent angular-relationships Figs. 4-3 - 48,
suggests that it might be possible to deduce either
the preferred crystallographic plane of precipitation
or a direction in the matrix parallel to which
precipitation -occurs. The zirconium sheet was subjected
to deformation by cold rolling and annealed at 600°C.
prior to the hydriding treatment and, in view of the
well-known anisotropy of the crystal structure , it
appeared likely that the alloys might be heavily
56 109textured. Reference to the literature * shows
that the texture is likely to be one in which the basal 
planes of the zirconium are parallel or nearly so to 
the rolling plane. Since the metallography of these 
alloys was performed on tapered and rolling plane sections 
the specimens were examined in each case virtually along 
the c axis of the hexagonal crystal structure. The 
preponderance of angles of 60° and 120° between the 
needles of precipitate, particularly in the fast cooled 
and quenched alloys (see Figs.43 - 48), suggests that
there should be such angles between the preferred
planes of precipitation. However, in addition to
the [1010] and {1120j planes, both of which have been
32 53 58suggested as preferred planes ’ , there are
many families of planes of the types .(000 l) , {101 1}
and {1121} which in section parallel to (000 l) would
o oappear to intersect at angles of 60 and 120 • From 
the present work, therefore, it is not possible to 
identify unambiguously the preferred plane of intra 
granular precipitation of hydride in zirconium.
It should, however, be possible to establish the 
direction in the basal plane parallel to which the 
major axes of these precipitates lie assuming that the 
material has a basal texture^’ 109. As a result of 
the six fold symmetry of the basal plane of the 
hexagonal lattice there are an infinite number of 
directions of the type < U V U  4- V 0 >  which would 
intersect at 60° and 120° but of these the < 1010> and 
< 1120> are likely to be favoured since they are the 
directions of closest packing in this plane. The 
latter are truly close packed directions. From the 
present work it appears that the major axes of the 
hydride precipitates lie parallel to the directions 
< 1120>Q or < 1010>q although the preferred plane of 
precipitation cannot be uniquely identified.
It is noted that the close packed <1120> 
directions occur in both the (0001) plane and the 
< 1010> planes and for this reason the latter might be
32,53,5^,57,58
the preferred plane of precipitation. Several
workers have concluded that the £10103 prism planes
are preferred and the suggestion that the major
axes of the pjrecipitates lie parallel to < 1120>q is
3 ?consistent with the findings of Bailey and 
110Mishirna et al • If the hydride precipitates were 
platelets parallel to the {lOiOl planes in the zirconium 
matrix then in section parallel to (0001) they would 
appear not only as needles but as needles which 
intersected at angles of 60° and 120° as observed in 
'the present world If the close packed [lllj planes 
of the y phase are parallel either to the (lOiOj or 
the (OOOl) plane of the zirconium matrix it is likely 
that the relationship |"llO "\y jj < 1120> a will be favoured 
on strain energy grounds due to a compatibility in the 
interatomic distances„ The distance between the centres
of zirconium atoms in the direction JlloJy is 3®25 A
2*7 ~(using the data of Beck ‘ ) and that in <1120>Q is
o
3* 23 A* This represents a mismatch of only 0.6^ > The
relationship p-3-0]§ jj < 1120>q is likely to be favoured
on similar grounds although the interatomic distance
of 3* 38 A represents a mismatch of kj'o in this case.
The evidence from the present work suggests that the
major’ axes of the intragranular precipitates are
probably parallel to < 1120>„ although the < 1010>a q
directions cannot be excluded. Although it has been 
noted earlier in the discussion that there are many 
possible families of planes which would appear to
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o ointersect at the angles of 60 and 120 it is also
noted that the angular intersection requirements
and the low strain orientation relationship of
[llo] h y d r i d e ^ H 2 0 > Q could be satisfied by a plate-like
precipitate growing along the {1010} prism planes as
32proposed by Bailey .
5» 1. 20 Phase Analysis
Since the only phase identified in the unhydrided 
starting material was a-zirconium (see Table 8), it 
is concluded that the oxygen initially present is in 
solid solution* It has already been noted that the 
concentrations of oxygen introduced during the hydriding 
procedure are well within the limit of solid solubility 
of oxygen in a-zirconium according to the phase diagram 
(see section 4,1), and it is concluded that the total 
oxygen concentration in the specimens after hydriding 
is also in solid solution. This conclusion is supported 
by the fact that the only phases identified in the 
hydrided specimens were 6 and y hydrides and a-zirconium. 
In addition to a-zirconium, both the face centred 
cubic and the face centred tetragonal hydrides, 6 and y , 
were positively identified in all of the alloys examined 
in the present work (see Tables 9 - 19)» The X-ray 
reflections on which these identifications were based 
are listed in section 4, 2, 3, and shown fox’ each alloy 
type in Tables 9 - IS, On the basis of the X-ray 
intensity measurements described in section 3* 4, 3« 8«? 
semi quantitative estimates of the concentrations of the
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phases present in samples of each group of alloys 
were made and the following trends established.
These trends are not affected by the limits of the 
scatter bands associated with the nominal hydrogen 
concentrations of the alloys (see section 4. 1.).
The quantity of hydride phase in the alloys
increases according to X-ray intensity measurements,
as the nominal hydrogen concentration increases which
is consistent with the metailographic observations
(see section 5• 1. I.). Moreover, the estimated values
of the hydrogen content which is present as either of
the hydride phases is in good agreement with the
nominal hydrogen concentration (see Table 19)• This
supports the conclusions of previous, woi'kers that a
super saturated solid solution of hydi^ogcn in zirconium
is unlikely to be retained even under quenching 
6, 23, 35, 52
conditions . It is acknowledged, however, that
the X-ray intensity measurements are subjective in 
nature in that they are based on visual estimates of 
X-ray line intensity.
The fraction of hydrogen present as y-phase was 
found to increase as the cooling rate from the a-region 
was increased and conversely that fraction present as 
the equilibrium precipitate 5-phase increased as the 
cooling rate decreased. The conclusion that the formation 
of y-phase is favoured by high rates of cooling from 
the a-phase region and that the formation of 6-phase is 
favoured by slow cooling is consistent with the findings
33 35of both Bailey and Bradbrook et al , From the
way in which the graphs shown a.s Figs. 52 and 53
are plotted it is clear that the values on the y
axes of the graphs should add up to the value of the
hydrogen concentration of the alloy. It is equally
clear that the results for the sample shown as
nominally Zr-3.00 p.p.in. hydrogen slow cooled do not
satisfy this requirement and that for some reason this
*is a rogue result (see Table 19)« However, adding
together the values of the hydrogen concentration
present as the phases 5 and y gives a total of about
300 p. p.in. and it is noted that if these values are
re plotted for an alloy of this nominal hydrogen
concentration they fall on the lines established from
measurements of the other alloys (see Figs.52 and 53)*
A correlation of metallography and X-ray phase
identification shows that under conditions of slow
cooling from 550°C. precipitation is confined mainly
to grain boundary sites and that the hydride consists
almost exclusively of the face centred cubic 5-phase,
The use of higher rates of cooling produces ¥idmanstatten
structures (see section 5« 1* 1*) and phase analysis
shows that the hydride is predominantly the face centred
tetragonal y-phase. Although the results of the present
investigation support the contention that the hydride
25phases 6 and y are metallographically indistinguishable 
it might be suggested, from the combined metallographic 
and X-ray evidence, that the 6-phase forms at grain
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boundaries while the y-phase forms oil preferred 
planes within the grains. This suggestion, however, 
is rejected on the grounds that one phase may be 
induced to precipitate either on grain boundary sites 
or in an intragranular manner depending on the cooling 
rate from the solid solution region* As discussed in 
section 2* 2* the site of precipitation depends more 
on the degree of under cooling and hence the nucleation 
rate than it does on the crystal structure of the 
precipitate* Examples of the variation in nature and 
distribution of precipitate with various rates of cooling 
from solid solution are both numerous and wrell
36 — 39documented .
Precipitation in zirconium-hydrogen alloys is made
complex by the formation of y-phase under conditions of
fast cooling or quenching from the a-phase region and
therefore in one of.these alloys which contains most
of the hydride as y-x)hase it may be assumed that both
the grain boundary precipitate and the intragranular
35precipitate are y-j)hase« Bradbrook et al noted that 
under conditions of very slow cooling the grain boundary 
hydride precipitate was 5-phase, that an increased 
cooling rate favoured the intragranular precipitation 
of internally twinned 5-phase and that under quenching 
conditions both the gx'ain boundary and the intragranular 
precipitate were y-phase*
From the present work it is not possible to propose 
a mechanism for the formation of y-phase but there is the
m
possibility that there exists within the a -i 5 region
a metastable eutectoid system between the phases a
6 and y which would be followed under conditions of
rapid cooling. Sidhu et a l " suggested the composition
31ZrH for the y-phase while MooreJ suggested that at
above 29^-°C. y-phase is stable. These data could
loossibly be combined to give a metastable eutectoid
system in the a + 6 region of the existing phase diagram.
87As a mechanism, however, Bradbrook suggested that the
formation of the hydrides other than the untwinned 5-phase .
obtained under very slow cooling conditions might involve
the rapid diffusion of hydrogen to certain regions of
the microstructure with a simultaneous shearing of the
parent lattice; This author found that theories of
martensite transformations could be used to describe
the transformation of the alphase to hydrides and predict
several of the observed habit planes.
Although the lattice parameters of the hydrides
6 and y were not specifically determined, the values
obtained by substitution of the d values measured from
the Nonius films in the lattice geometry equationsgiven
90 1 .^17.89.96
by Cullity are in good agreement with published data
Tor the 5 -phase, the d values of the prominent X-ray
reflections gave the following values for the lattice
parameter, a ,
dlil ( 2 . 7 6  A) >1.78
0
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+
d 20Q
/ 0 % (2.39 A) 4 . 7 8
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174
*{"If* the d values were measured to - 0.01 A the value
» o + ®of a for the S~phase may be taken as 4.78 0.02 A
which is in good agreement with the values of
4.7783 A for ZrH1#t^ and 4.7808 A . f or Zrll^^ obtained
by Beck2 .^
Similarly the d values of two of the three prominent 
lines for the y-phase gave the following values for the 
parameters of the unit cell,
alll (2«72 S ) a= 4.60 i 0.02 A ‘
d2Q0 (2«30 A ) C= 4.94 £• 0.02 A
These values are also in good agreement with those of
Beck2  ^ for the y-phase, a = 4.5957 A, c = 4.9686 A,
P 8and with those of Whitwain” who obtained the parameters
a = 4.610 A, c = 4,960 A.
5. 2.. lie chan leal Properties
5. 2. 1. The Effects of Microstructure
5. 2. 1. 1. General
It has been noted^'^ that the effects of second
phase particles on the plastic properties of a matrix
are complex and may be a combination of the number, size,
shape and distribution of the second phase. It has
72also been established in the literature review that
the 5-"hydride fails at its elastic limit, i.e. is brittle
o oat all temperatures from 22 C. to about 500 In
view of the similarity in crystal structures, chemical
compositions and unit cell sizes of the hydride phases
Sand y as summarized in Table 31!
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Property 5 -phase y-phase
Chemical Composition ZriIl .59-1*62 Zrl-I
Crystal Lattice Type F.C.C. F.C.T.
Lattice Parameters a = 4.87 A a = 4.59 A 
o
c = 4.96 A
• c/a ratio 1. 00 1.08
Mechanical Behaviour Brittle ?
Table 31* Comparison of Data for 6 and y Hydrides.
it is reasonable to expect the y~phase also to be 
brittle under these conditions (see section 2. 1. 6.). 
Since the alloys examined in the present work are 
composed of brittle hydride precipitates in a ductile 
matrix their mechanical properties will depend not 
only on the volume fraction of the precipitate but 
also on its distribution within the microstructure.
5« 2. 1. 20 Elongation to Failure
The results of the present work show that the 
room temperature elongations to failure of the alloys 
examined are markedly affected by hydrogen concentration 
and affected to a lesser extent by cooling rate from 
the hydriding temperature (see Figs.5^ ~ 56). The
effect of increasing hydrogen concentration is to 
progressively reduce the elongation to failure from 
about 30'/> for* uuhydrided material to about 10$ for 
alloys which contain about 600 p.j3em. hydrogen.
The graphs of elongation to failure against 
hydrogen content presented as Figs*5^ - 56 and 63 - 69, 
are shown in terms of the mean and standard deviation 
of the tests at the lowest of the strain rates used.
The results of tests at three higher strain rates are 
also shown on these graphs but for the sake of 
simplicity only the mean values are plotted. The 
standard deviations of these results are shown in 
Tables 2 0 - 2 9 .
From these graphs it is evident that there is 
considerable scatter in the values of the elongations 
to failure which increases as the hydrogen concentration 
increases. From the chemical analysis (section k. 1.) 
it is noted that the scatter in hydrogen concentration 
increases as the nominal concentration increases. These 
observations and the combination of these scatter bands 
into scatter areas may explain the fact that, at a 
nominal 600 p.p.in. hydrogen, the results for elongation 
to failure range from <1$ to about 12$ (see Figs.5^ -56). 
Another factor which contributes to the scatter in the 
hydrogen concentration is that only a small number of 
specimens from each groujp of alloys was submitted for 
chemical analysis (see section h* 1.). The scatter in 
the curves could have been reduced by the analysis of 
every tensile sample for hydrogen and the plotting of
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the elongation strictly according to this concentration
but this proved impracticable.
Although it is possible to suggest that- hydrogen
concentration has little elTect on elongation to
failure in view of the overlapping scatter bands even
at the extremes of hydrogen concentration (see Figs. —  56)
it is concluded that the mean values of elongation do
show a downward trend as the hydrogen content is
increased. This overall trend is in gc-od agreement
58with the work of Walters who showed a reduction in
elongation from about 20^ > for Zr-100 p . p , m „ hydrogen
to about 8$ for Zr~600 p.p.m. hydrogen for alloys of
5 80.027cm in thickness. The results of Walters" , 
however, are shown without scatter bands.
An examination of the elongations to failure of 
alloys which contain 600 p.p.m. hydrogen, F i g s . - 56 
shows that there is a wide range of values irrespective 
of the rate of cooling from the hydriding temperature.
Thus for the slow cooled, fast cooled and quenched 
alloys of 600 p.p.m. hydrogen it is possible to find 
specimens which failed at elongations in the range 
lfo to about 12cjo* Metallographically, the difference 
between the alloys of this composition which failed 
with appreciable elongation (i.e. and those which
failed in a brittle manner is that the former contained 
various concentrations of discrete hydride precipitates 
in different degrees of fineness and dispersion whereas 
the latter contained continuous networks of hydride.
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For tlie purposes of discussion the alloys which
contained continuous networks of hydride will be
termed brittle alloys and those which failed with
appreciable elongations, ductile alloys. From the
scatter in results mentioned earlier it is possible
to find both brittle and ductile alloys in the groups
designated 600 p.p.m. hydrogen slow cooled, fast
cooled and quenchedc
5« 2. 1. 2 e 1, Brittle Alloys
The micrographs presented as Figs. 7^ - - 76 are
those of an alloy Zr~600 p.p.m. hydrogen which was
oslowly cooled from 550 C. and which failed in tension 
at an elongation of <i^>. The metallography of this 
alloy in the as-hydrided condition is shown in 
Figs.39 - ^1t from which it is evident that the grain 
boundaries are fairly heavily and continuously decorated 
with hydride precipitate. The formation of most of the 
precipitate at grain boundary sites is consistent with 
the use of a slow cooling treatment from 550°C. os
discussed in sections 5* 1. 1. and 2 .  2 .  1. As discussed
in sectioii 5» 1* 2. the use of a slow cooling treatment 
also favours the reaction a— >6*5*a to the virtual
exclusion of the reaction a.— >y + a and therefore this
alloy is comjoosed of equiaxed grains of a-zirconium 
with continuous grain boundary films of the equilibrium 
hydride precipitate, 6-phasee After testing in tension, 
when the elongation to failure was found to be < 1 $  the 
fracture surfaces and the deformed regions were examined
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jji e t a 11 o g r a pli 1 c a 11 y .
The results of macro fractography (see section 
3® 3® 1®) which are presented as Fig.72, show
that the failure occurred along a plane normal to 
the tensile axis with no signs of necking. The 
fracture profile also appears fairly flat which 
shows that there were very few peaks formed by plastic 
deformation. These facts suggest that in the fracture 
behaviour of this alloy there was very little
contribution from the ductile matrix. Samples of this
alloy from the fractured region were taken and examined 
by interference microscopy as described in sections 
3. 3. h, 2. and 3® 3® 3® a^d the results are presented 
as Figs.7^ and' 75® From these micrographs it can be 
seen that cracking is confined mainly to grain boundary 
sites where there are continuous films of hydride
precipitate. At these magnifications, however, it is
not possible to say whether specimen failure occurs 
by failure of the hydride or by failure of the hydride/ 
matrix interface. The problem is resolved by the use 
of high magnification and the micrograph obtained is 
presented as Fig.76. This micrograph clearly shows 
that cracking is confined to the brittle grain boundary 
precipitates and does not occur in the matrix. It is 
also evident that specimen failure occurs by fracture 
of the precipitate itself and not by failure of the 
matrix/precipitate interface.
An examination of the fracture surfaces of this
alloy by scanning electron microscopy (see section 
3* 3* 4, 3.) shows cracking along the grain boundaries 
(Pigs.83 ~ 85) with very little evidence of 
transgranular cracking,, Although it is not possible 
to positively identify the hydride phases by scanning 
electron microscopy, a correlation of Figs„83 - 85 
obtained by this method and Figs*39 - ^1 obtained by 
means of interference microscopy establishes their 
position at grain boundaries and that cracking occurs' 
within them beyond all reasonable doubt* The results 
of scanning electron fractography which show cracking 
confined mainly to grain boundary areas serve to 
substantiate the results of the interference microscopy 
that specimen failure occurs mainly by cleavage of the 
hydride precipitates which are present as envelopes 
around almost every grain. It is interesting to note 
that Fig,39 shows traces of intragranular hydride but 
of a fairly bulky nature and that there are signs of 
intragranular cracking in the scanning electron 
fractograph presented as Fig,83* From the observations 
made so far it is most probable that this intragranular 
cracking is also confined to the precipitates within 
the grains and does not occur in the matrix.
The results of tensile tests on this alloy and 
other's which are characterised by a continuous network 
of hydride produced by slow cooling show that the 
hydride 5*”phase is an effective embrittling agent which 
can induce failux’es at strains of <1 Strains to
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failure of < l (fo were also observed in the lower
limits of the scatter bands of the fast cooled and
quenched alloys 03? 600 p.p.m. hydrogen and phase
analysis (see section 5« 1. 2*) showed that an
oincrease in the cooling rate from 550 C, favours the
35reaction a—j-a+y • Bradbrook et al have shown that 
the y-phase may be found at grain boundary sites and 
it is therefore most probable that the brittle 
behaviour of certain quenched alloys is associated with 
the attainment of continuous grain boundary films of 
y-phase. It is therefore concluded that the hydrides 
5 and y 5 in the form of continuous films throughout 
zirconium hydrogen alloys, are equally effective 
embrittling agents.
The fact that brittle behaviour in these alloys 
is related to the attainment of cofitinuous paths of 
hydride throughout the specimen irrespective of whether 
it is 6 ory is an important clarification of the role 
of the y-phase in the embrittlement phenomenon,
O V
Mueller et al  ^ stated that there is some doubt as to which 
of the two hydride phases (8ory ) is responsible for
the embrittlement of zirconium and suggest, in view of
?8the work of ¥hitwain , that possibly it is the y-phase,
28Whitwam suggested that the 5“phase formed at grain 
boundary sites while the y-phase formed oil prefers^ed 
planes within the grains and that the latter was probably 
the phase responsible for the embrittling effect. If 
the concentration of hydrogen is sufficiently high for
.continuous envelopes of hydride to be formed on the
surfaces of the grains in zirconium the argument of 
? 8Whitwam^ suggests that the 8-phase rather than the 
y-phase would be the embittling phase0
The effects of continuous paths of brittle 
hydride throughout the structures of zirconium-hydrogen
i ,, 58,68,79,111alloys have been discussed oy several authors 1 7 «,
68Coleman and Hardie stated that once an intergranular
film becomes continuous, the hydride plates tend to
provide a continuous path for unstable fracture and
in a recent paper on the effect of the matrix on hydride
111embrittlement, Hardie summarized the effect of
grain boundary films by stating that if a crack can
X^ropagate continuously through a brittle hydride phase,
the ultimate failure must itself be brittle.
The effects of continuous networks of brittle
phase in other alloy systems are both well-known and
well documented and from the £)resent work the behaviour
of certain zirconium-hydrogen alloys appears consistent
3 01with the literaturee Dieter* , for example, cited
the embrittling effects of grain boundary bismuth
films in copper and films of cement!te around grains
312of austenite transformed to pearlite while Mogford *
noted the embrittling effects of grain boundary films
of aluminium nitride in austenite* Probably one of
the most spectacular forms of grain boundary embrittlement
is due to sigma phase in certain iron-chromium-nickel
113alloys• Hall and Algie reported that alloys
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embrittled in this way have been known to shatter
like glass when accidentally dropped while
39Kelly and Nicholson made the general observation 
that a brittle precipitate on grain boundaries can 
turn a potentially useful high strength alloy into 
a useless brittle material.
Since the hydride precipitates behave in a 
brittle manner, that is fail at their elastic limit, 
the controlling event in the fracture of alloys which 
contain a grain boundary network of these phases is 
the nucleation of a crack rather than its propagation.
It is probable that during deformation the stress in 
the specimen is transferred to the hydrides by matrix 
slip. In order to achieve the required strain to 
failure in the hydrides the stress has to be built 
into the precipitate by matrix deformation. This 
implies that cracks are produced in the hydride by an 
applied stress greater than the yield stress of the matrix 
An alternative method of nucleation of a crack in the 
hydride precipitates is by the pile up of dislocations 
at a precipitate and the formation of a wedge shaped
114crack as proposed by Zener which also suggests crack
initiation after the zirconium has yielded. If the
hydride precipitates were of sufficient thickness the
concentrated stress at the tip of the crack would still
be within the physical boundaries of the precipitate
and would therefore not be relaxed by plastic deformation.
13 4The work done in nucleating a crack by the Zener
mechanism is therefore smaller than if plastic 
deformation at the tip of a dislocation pile up occurs.
The presence of a grain boundary may also block 
dislocations in this way and lead to crack formation 
but plastic relaxation occurs by deformation in the 
adjacent grain. The presence of a brittle grain 
boundary precipitate prohibits the relaxation process 
and therefore grain boundaries can become embrittled 
by precipitates. If the precipitates are discrete and 
the planes in them are favourably orientated relative 
to the planes in the matrix, a crack does not lose 
a great deal of energy in crossing the precipitate/ 
matrix interface. On the other hand, a high degree of 
misorientation’means that the process consumes more 
energy and the crack loses energy by crossing such 
interfaces. This means that not all second phase 
particles are equally effective in nucleating cracks 
and the probability of nucleating a crack at a given 
stress level increases with an increasing number of 
grain boundary particles. If the grain boundaries are 
completely covered by a brittle phase the probability 
term does not enter the argument and the work done in
spreading a cx'ack is reduced because the enevgy of the
grain boundaries is reduced by the presence of precipitate 
(see section 2. 2. 1).
In samples in which the hydride phase was not
continuous either because the volume fraction of hydride 
was insufficient for coverage or because the phase was
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highly dispersed as fine, discrete particles, a 
contribution from the matrix was evident in the 
values of elongation to failure obtained* For the 
purposes of discussion these alloys are termed 
ductile alloys.
5. 2* 1. 2c 2. Ductile Alloys 
An examination of the graphs of elongation vs. 
hydrogen concentration presented as Figs.5^ - 56 
shows that the effect of increasing the latter is to 
progressively lower the values of elongation to 
failure from about 30-p for unhydrided zirconium to 
about 12c;o for alloys of 600 p.p.m. hydrogen. Even 
with a hydrogen concentration as high as 600 p.p.m. 
the alloys may be said to show appreciable ductility 
under the conditions of testing employed in the 
present wo rk.
A metallographic examination of the unhydrided 
sponge zirconium shows that the material is single 
phase and consists of equiaxed grains (Figs.19 and 20) 
and the values of elongation obtained for this material
(about 28^>) are in good general agreement with those
58 58of Walters . The results of Walters of elongation
to fracture against hydrogen concentration give values
of 25 - 30/3 if they are extrapolated to zero hydrogen
5 6concentration,, Picklesimer noted that in c.p.h.metals 
the slip directions that had been positively identified 
were limited to the <1120> type and although these 
directions occurred in the (0001) plane and the [1Q10J
planes, slip on the system (OOOl) <1120> was not
observed during the room temperature deformation
73of zirconium. Rapperport and Hartley concluded
that slip in zirconium at room temperature occurred
primarily on the systerns {10103 <1120> and it is
assumed that this mode of deformation is largely
responsible for the tensile properties obtained in
the present work. The only evidence for deformation
by twinning obtained in the present investigation was .
found by metallographic examination of the edges of
•specimens from which samples had been cut by a shear
process, Xu these instances the twinning was confined
to a very narrow band of perhaps 5 grains (about 300pm)
115parallel to the cut edge. Reed-Hill and Dahlberg 
reported that {10123 twinning probably contributes 
appreciably to the ductility of zirconium at room 
temperature in cases where the grains are not favourably 
orientated for slip on [1010} planes.
Low magnification optical fractography (see section 
3* 3* f « ) of the unhydrided sponge zirconium, as 
shown in Fig.70, shows that appreciable necking occurs 
and that specimen failure occurs along a plane at 45° 
to the tensile axis. This is the direction of maximum 
resolved shear stress. The formation of a shear lip 
at the end of the fracture plane is also evident. An 
examination of the fracture surfaces of this material 
by scanning electron microscopy (see section 3* 3* 3* )
shows the presence of peaks which may be attributed to
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ductile shear and the occurrence of voids in the
necked region of the specimen (Figs.77 - 79)* The
fractograph at the highest magnification, Fig.79>
shows in addition to these features a rippled effect
although the ripples are long and narrow, From this
evidence it appears that the crack, once it is formed,
tends to follow the path of maximum resolved shear
stress which is determined by the applied stress system
and the presence of internal stress concentrators,
e.g. voids. On the macroscopic scale fracture probably
begins as a few voids are formed and coalesce in the
necked region of the tensile specimen but on the
microscopic scale it is likely that void formation
occurs at very low strains (i.e. less than the strain
to produce necking). The formation of voids at very
low strains and at gi’ain boundary triple points has
116been reported by Rogers although their nucleation
at the interfaces of inclusions is thought to be more 
117 118common ’ . On the microscopic scale the fracture
is jagged as the crack advances by void coalescence by 
shear on alternate planes at about 45° to the axis of 
the applied stress. Evidence of the jagged or peaked 
appearance of the fracture surfaces of the unhydrided 
zirconium in the present work has already been noted. 
(Figs.77 - 79).
The coalescence of voids to form the initial 
cracks probably occurs by. void elongation and the 
simultaneous necking of the material between them
and it therefore appears that a way of increasing
the resistance to failure by shear rupture is to
restrict or eliminate the formation of voids.
118Cottrell noted that a decrease in void formation
and an increased stx'ain hardening rate to prevent
necking between the voids would delay the formation
of cracks normally formed by coalescence and favour
a high plastic strain to failure♦ Work by McClintock,
119which is quoted by Teteiman and McEvily , showed
theoretically that the ductility decreased as the void
density increased and also as the stress system became
triaxial. Such a stress system arises in the necked
region of a tensile specimen. The failure of the
unhydrided material therefore appears to occur as a
result of shear processes and the nucleation and
coalescence of voids.
The model of McClintock is of considerable
importance in an examination of the behaviour of
zirconium-hydrogen alloys because these are known to
consist of dispex'sions of brittle particles in a
zirconium matrix. Since the nucleation of voids at
the interfaces of second phase particles has been shown 
117 11Sto occur' an increase in volume fraction of
second phase would be exxxected to lead to the x^og^ssive 
reduction in ductility observed in the present work 
(see section 4, 3« 1.)*
As increasing quantities of hydrogen are added 
to the zirconium to produce the alloys, the volume
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fraction of hydride precipitate is found to increase 
(see section 5* 1. 1.).
Metallography of the slow cooled alloys (Figs.39 ~ 4l) 
showrs that precipitation is confined mainly to grain 
boundary sites (see section 2. 2.) and therefore the 
increase in volume fraction of precipitate is reflected 
by an increase in the fraction of grain boundary area 
that is covered by hydride. Under quenching conditions, 
however, the hydride is finer and tends to occur on 
planes within the grains (Figs.46 - 48) and the effect 
of increasing hydrogen concentration is to cover a 
greater fraction of grain body area with hydride. The 
use of a fast cooling technique (see section 3« 2. 2. 3® 2.)
produces microstructures of an intermediate nature 
(Figs.43 - 45) although they more closely resemble 
those produced by slow cooling than those produced by 
quenching. The estimated cooling rates for slow cool, 
fast cool and quench treatments (see section 3® 2. 2. 3® 2.)
which are 2°C/min. 20°C/min. and about 250°C/sec., support 
this observation.
The feature common to these alloys which have been 
classed as ductile alloys is that the hydrides are 
present as discx’ete particles and, in view of the effects 
of hydrogen concentration or elongation to failure 
(Figs.54 ~ 56), it appears that the major effect of 
increasing the hydrogen concentration is to increase 
the fraction of the load bearing area which is locally 
covered by hydride. The same overall trend is shown
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irrespective of the nature of the hydride xohase.
However, from an inspection of the elongation vs, 
hydrogen concentration graphs shown as F i g s , - 56> 
it would appear that the effects of 100 p.p.m. hydrogen 
are different depending on whether the alloys were 
slow cooled or quenched from 550°Ce Fig*$k shows that 
for slow cooled alloys the addition of 100 p.p.m. 
hydrogen reduces the average elongation to failure 
from 28®o to 22^ > while Fig* 56 shows that the same addition 
to alloys which were quenched reduces it from 28^ to 
16$.
There are several possible explanations of this 
effect. The first is associated with scatter in 
hydrogen concentration (see section 4. 1.) and scatter 
in elongation (see section 5* 2*> 1* 2). The scatter 
in elongation for the alloys of 100 p.p.m. hydrogen, 
quenched, is however very low and thus if an explanation 
based on scatter is to be accepted it is likely that 
it has occurred in hydrogen concentration. The second 
possibility is that the effect is due to the nature of 
the hydride phase in the sense that perhaps the y-phase 
produced by quenching is a more potent embrittling 
agent than the 6-phase produced by slow cooling. From 
the similarities in the two hydride phases (Table 31) 
and the results of an examination of mi alloy embrittled 
by 6-phase (see section 5« 2. 1. 2. 1.), this is considered 
unlikely. The third possibility is that the quenching
procedure makes for more effective coverage of the
grain boundaries than does slow cooling. The effect
of quenching which would increase the rate of
nucleation while reducing the growth rate (see section 2.2.
could be that of reducing the thickness of the discrete
grain boundary hydrides and redistributing the precipitate
over a large area of grain boundary in the form of a
thin film. This explanation is favoured from a
comparison of the micrographs of the alloys Zr-100 p.p.m
slow cooled and Zr**100 p.p.m, hydrogen quenched,, The
results of elongation to failure appear to show a
similar effect for alloys which contain 250 p.p.m*
hydrogen. From Figs05^ and 56 it may be seen that
the effect of 2p0 p.p.m. hydrogen in a slow cooled
alloy is to give an elongation of 21$, while the
addition of the same concentration of hydrogen to an
alloy which'was subsequently quenched, produced an
elongation to failure of 16$. Metallographic evidence
from examination of the alloy Zr-250 p.p.m. hydrogen
presented as Figs„30 - 38 appears to favour an argument
for the reduction of elongation with increasing hydrogen
content based on the redistribution of hydride in the
form of a continuous path in the specimen. Micrographs
of the slow cooled alloy, Figs.30 ~ 32, ‘show the
hydride mainly as discrete grain boundary precipitates
while Figs.36 - 38 show it as a more continuous network.
The results of this part of the present study support
79the conclusion of Coleman and Hardie that the
elongation to failure depends on the proportion of
the cross sectional area of the specimen which is
locally covered by brittle hydride*
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Tetelman and McBvily“ suggested that for an 
alloy containing a dispersed second phase in various 
concentrations the fracture strain is given by an 
empirical relationship
E = A (1 - Vf ) 19
.where e is the true strain at fracture, A is a constant 
and Vf is the volume fraction of the second phase* An 
apparent discrepancy between the calculated volume 
fractions of hydride and the observed fractions was 
noted in the present work and is discussed in section 
5® 1* 1. The relationship given as equation 3.9 does 
not hold for the alloys investigated in the present 
work if the calculated values of the volume fraction 
and the corresponding strains to failure are substituted. 
If, however, the observed values for the volume fraction 
obtained from point counting methods (see section 1« 1. ) 
are substituted, a better agreement is achieved. 
Substitution in equation^of 0.12 for V^ . and 0.077 fox' c 
gave a value of 0.0096 for the constant A for the alloy 
.Zr-600 p.p.m. hydrogen. A value of 0.0072 for A was 
obtained by substitution of the values 0.035 for Vp 
and 0.199 for e for the alloy Zr-100 jD.p.m. hydrogen. 
Equation 19 may therefore be used to describe, in an
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aiDproximate way, tlie behaviour of the alloys examined
119in the present work. Tetelman and McEvily noted 
that the values obtained for £ varied with particle 
shape and orientation and from the micrographs 
presented in the present work it is evident that the 
nature and distribution of the hydride phases is 
markedly affected by the rate of cooling from the 
hydridiug temperature (see section 5* 1* 1.). Moreover, 
the nature of the empirical relationship is such that • 
the value of e is extremely sensitive to variations in 
the value of This means that accurate determinations
of Vp are required and that, for the relationship to 
be valid, uncertainties in measurement as discussed in 
section 5* 1® should preferably be avoided.
If the fracture profiles of the unhydrided and 
hydrided material (Figs.70 - 7^) are compared, it is 
evident that an increase in hydrogen concentration 
reduces the degree of necking although the failure is 
still at about 45° to the axis of the applied tensile 
stress until a continuous network throughout the specimen 
is achieved,, Although Fig,71» is the fracture profile 
of an alloy Zr~100 p.p.m. similar profiles were obtained 
from alloys of 2p0 p.p.m. hydrogen. Xt was found in 
the present work that the behaviour of alloys of 100 
and 250 p.p.m. were similar from the mechanical properties 
point of view and metallographically. This is considered 
to reflect the fact that they are both composed of 
discrete brittle hydride particles disjDersed in the
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zirconium matrix although the volume fractions of the 
hydride are different,,
An examination of the fractured region of an 
alloy Zr-100 p.p.m. (Fig*73)» shows the presence of 
porosity in the neck and the jagged nature of the 
fractured edge. It also appears that some of the 
long,.narrow hydride precipitates have been reorientated 
by the plastic flow in the matrix so that their major 
axes are parallel to the axis of tension* The results 
of an examination of the fracture surface of this alloy 
by scanning electron microscopy are piresented as 
Figs.80 - 82 from which both porosity and the presence 
of shear peaks is evident* This suggests that the failure 
is largely matrix controlled since the same features 
were observed in tiie fracture surface of the unhydrided 
material (Figs.77 - 79) and this contention is 
substantiated by the appreciable elongation to failure 
obtained for alloys of 100 £>cpein. hydrogen (Fig.5^)»
It is therefore probable that void formation 
occurred as outlined earlier in this section by the
117 118formation at the interfaces of dispersed second phases 
and ultimate failure occurred by void coalescance due 
to shear on planes at about b$° to the applied stress*
This would account for the great similarities in 
elongation and metallography of the fractured region 
of the unhydrided sponge zirconium and zirconium-hydrogen 
alloys of low hydrogen concentration. The observation 
of shear peaks and porosity in the fractured regions of
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both unhydrided material and material of low hydrogen
concentration supports the conclusion of Coleman 
68and Hardie that brittle cleavage of the zirconium 
matrix does not occur. These authors concluded instead 
that fracture apjoeared to propagate by ductile parting 
of the matrix between cleaved hydrides and the evidence 
of failure by shear obtained in the present work 
substantiates this finding.
From the evidence obtained from the present work 
on the fracture of unhydrided zirconium and zirconium- 
hydrogen alloys of low hydrogen concentration it appears 
that the presence of hydride precipitates does not 
affect the mode of failure of the matrix under the 
conditions of testing employed. The similarities in 
the elongations to failure of alloys of the same 
composition but of different cooling rate (e.g. compare 
elongations for Zr~100 p.p.m. slow cooled, fast cooled 
and quenched) as shown in Figs. 5^ - and 56, suggest that 
the nature of the hydride also has no effect on the 
mode of failure of the matrix material.
It would appear that the effects of increasing 
the concentration of the discrete hydride particles is 
to increase the fraction of the load bearing area 
covered by brittle hydride and to restrict the deformation 
of the matrix. If the stress in the matrix is transferred 
to the precipitates by slip it is possible that stress 
sufficient for their fracture will only be built in to 
precipitates longer than a critical length. More precisely
It is the aspect x-atio (^ellS ^ x/diametei') ^ ie 
precip:Ltates that determines whether or not fracture
within them will occur, From general composite 
120theory it is known that as the aspect ratio of
fibres' in a soft matrix increases then the gi'eater
is the tendency for fracture to occur. If a critical
length term is used to convert this to a critical
120aspect ratio it is s-o noted that if the critical 
ratio is not exceeded, the matrix will continue to 
flow around the particle and load it to a maximum 
stress at its mid point.
It would appear from the present work that some 
reorientation of the hydride precipitates occurs as 
a result of matrix flow.particularly in the regions 
adjacent to the fracture, From Fig.73 there is 
evidence not only of porosity in the necked region but 
also of the alignment of the discrete hydride particles 
with their major axes parallel to the direction of the 
applied stress*
The hydride pr*ecipitates in these alloys are 
typically 50 - 100 pm in length and this means that a 
large body of classical dis£Dersion hardening theory 
which is concerned with the effects of particles «l|im 
is inapplicable. However, it is probable that the 
reduction in elongation caused by an incite a sing volume 
fraction of hydride precipitates observed in the alloys 
of low hydrogen concentration is due to a combination 
of restraint of the deforming material between the
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particles and changes in the rate of work hardening
induced by the presence of the second phase* There
is also the possibility, as a secondary effect, of
the reduction of load bearing area due to the physical
•volume of the hydrides.
The dislocation structure associated with the
loss of coherency with the matrix has been shown by 
32Bailey for hydride particles in the matrix and this
means that the effective sizes of the particles, as
far as the movement past them of other dislocations
is concerned, are much greater than the physical sizes
121of the particles themselves* Swann has shown that
for widely spaced particles the dislocation density is
increased compared with that of a single phase material 
102and Cottrell noted that dislocations are effectively 
obstructed by precipitated phases and therefore tend to 
pile up at these sites. This means that once 
dislocations which move and multiply during plastic 
deformation encounter precipitates they pile up and 
effectively increase the size of the precipitate as a 
barrier to further dislocation motion. The movement 
of dislocations is therefore restricted to the volume 
of material between the particles and their associated 
dislocation configurations which leads to a form of 
triaxial restraint in these regions as a result of the 
non deforming elements. It has already been established 
(see section 3* 5• 1. 2.) that the effect of triaxial 
restraint is to reduce the magnitude of the shear
stresses and, since these are responsible for plastic
deformation, plastic flow is restricted and the
failure stress is reached at a lower strain, i.e.
119elongation is reduced, Tetelman and McEvily 
concluded from the model proposed by McClintock that 
elongation to failure could be reduced by voids and 
by a change of stress from uniaxial to triaxial and 
it appears that both of these effects may be induced 
by the presence of discrete particles of a second 
phase.
From the present work it appears that, in alloys
of low hydrogen concentration where the hydrides are
present as discrete particles, failure occurs initially
by fracture of the hydride precipitates. The subsequent
events in the fracture process are the crossing of the
precipitate/matrix interface by the crack and its
passage through the matrix until it reaches the next
cracked hydride precipitate. Since energy will be lost
in traversing the interface and by plastic deformation
of the matrix, the progression of a crack nucleated in
this way without further application of stress would
appear to depend on the distance through the matrix
to be traversed before another cracked hydride is
encountered, i.e. on interhydride spacing.
79Coleman and Hardie investigated the possibilities 
of a relationship between fracture behaviour in zirconium- 
hydrogen alloys and interhydride spacing and found that 
alloys of 100 p.p.m. hydrogen could be heat treated to
produce diffei'ent hydride distributions certain of
which showed brittle behaviour under slow bend
o 79conditions at 20 C, Coleman and Hardie showed that
brittle behaviour was associated with a hydride
spacing of less than 160 |im, whereas at higher hydride
spacings there was no uniform behaviour pattern but
the alloys could be termed ductile. From the present
work, however, there are no instances of brittle
behaviour in alloys of 100 p.p.m. hydrogen and indeed
in those of 600 p.p.m, hydrogen unless a continuous
network of the brittle phase is present. An examination
of the micrographs of the alloys Zr-100 p.p.m. slow
cooled and quenched, Figs.21 and 27, show that the
interhydride spacings are of about 1500}im and 80|im
respectively. There is thus no correlation between
the results of the present work in terms of elongation
7Qand interhydride spacing and those of Coleman and Hardie
and it is therefore not possible to assign a value to
any critical interhydride distance. It is important
79to note that the results of Coleman and Hardie were 
obtained under notched bar slow bending conditions 
whereas those of the present work were obtained by 
tensile testing on thin sheet specimens, Coleman and Hardie 
also noted that the tensile test was not likely to show 
embrittlement since general yield occurs before locaJ-ised 
yielding and this is particularly true of the tensile 
test on thin specimens, A triaxial stress system 
involving a relatively thick ( '■/v205^*1) notched specimen
and hence a triaxial stress system is more likely to
show embrittlement as the magnitude of the shear 
stresses is reduced (see section 3« 5* !•
A model for the fracture behaviour of zirconium 
with dispersed brittle phases based on a three stage
were the nucleation and propagation of a crack within 
a hydride precipitate, its propagation across the 
matrix/precipitate interface and its subsequent 
propagation through the matrixe Although some difficulty 
was encountered in assigning numerical values to surface 
energies, the modulus of the hydride and the stresses 
in the precipitates, Beevers concluded that the 
propagation of cracks in the ductile matrix occurred 
when the elastic energy stored in the specimen was 
greater than that of two new crack surfaces. In view 
of the ductility of the matrix an energy term due to 
the plastic work involved is added as in the modification 
of the Griffith"”^  ~ theory by Orowan J. Beevers 
assumes in the model that cracks once nucleated in the 
brittle hydrides, instantly propagate to form cracks 
equal to the lengths of the hydrides. Evidence of such 
cracking was obtained in the present work and is shown 
as Fig.7^ which is a micrograph of the transverse 
section of a specimen which contained 600 p.p.m* hydrogen. 
A crack that extends the length of one side of a grain 
is shown quite clearly.
process was proposed by Beevers e The three stages
The basis of the model is that th ork done to
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form cracks in both the brittle hydride and the
ductile zirconium matrix are evaluated in terms of
the strain energy of the crack, the effective surface
energy and the actual stress acting on the precipitate,
and then compared. In this way the conditions under
which it is energetically more favourable for a crack
to propagate in the precipitate rather than for
deformation to occur in the matrix may be determined*
The presence of a hydride precipitate is considered
to be analogous to that of an elliptical crack and from
an evaluation of the model and a comparison with data
65for an alloy Zr-100 p« p® nn hydrogen, Beevers concluded 
that the propagation of ci-acks within the hydride could 
be energetically favoured when the matrix was elastic 
rather than after p3.astic yield had occurred® The 
results of the present work however suggest that general 
matrix yield is necessary in order to build the required 
stress for fracture into the hydride precipitates and 
also to nucleate any cracks by means of a Zener^^^ 
mechanism* Prom the tensile strength properties (see 
section 5® 2* 1 * 3® 1®) the fact that the brittle alloys 
failed at similar stresses to the ultimate stresses of 
the unhydrided material may be taken as evidence to show 
that matrix yielding is necessary to initiate cracks in 
the hydrides 0
5* 2e l c 3• Strength Properties
5® 2e 1* 3® 1® Yield Stress and Ultimate Tensile Stre 
The forms of the load vs® ext en si oil curves generated
by the Instron machine for the alloys examined (see
section 3* 3® lc) were characterised by a smoothness
of transition from the elastic to the plastic region
and a variation in the value of extension to fracture
which depended on hydrogen concentration (see section
2* 1* 2»)» There was no evidence for the occurrence
of an abrupt yield point on the curves obtained although
discontinuous yielding in zirconium and its alloys has
124been observed by both Edmonds and Beevers and by 
X 2Weinstein * These authors, however, noted the effect
in material in which the grain size was less than 6pm 
X 2 ^and Weinstein  ^ found that discontinuous yielding did 
not occur when the grain size was 12pm or greater, The 
results of the present work are in agreement with these 
findings since the grain size of the material used was 
about 30pm (see section 4* 2* 1*)*
Prom the results of the present work, the most 
significant feature of the stress parameters ( 0® 1^ Proof 
stress, ultimate stress and nominal fracture stress) 
under room temperature testing conditions and strain
-4 -2rates of 10 “10 /sec* is that they are not markedly
dependent on hydrogen concentration and cooling rate*
The inference is that these parameters are also 
independent of alloy constitution in view of the known 
effects of increases in cooling rate on constitution 
(see section 3* 3-® 2*)*
The values of the stress parameters are tabulated 
(Tables 20 •» 29) and shown graphically in some instances
in order to show trends more clearly* In the absence 
of* discernible yield points, the data for the 
GelcP Proof stress for the thin sheet alloys was 
taken from Tables 22 and 23 and is presented graphically 
as Pigs*57 «* 62 to show that this parameter is increased 
slightly with increases in both hydrogen concentration 
and cooling rate* The effect of an increase in the 
hydrogen concentration is to increase the volume fraction 
of hydride precipitate and an increase in cooling rate 
decreases the size of the precipitates and produces 
•fine dispersions of the second phase* These effects 
are discussed in section 5® 1* 1 * but a comparison of 
the micrographs of the slow cooled alloys Zr-IOG p«p«m« 
hydrogen and Zr-600 p«.p*m* hydrogen, presented as 
Figs»2.1 and 39» shows that the volume fraction of the 
hydride phase is increased® Similarly, the effect of 
an increase in cooling rate may be seen from a comparison 
of the micrographs of the alloys Zr«600 p*p*nn hydrogen 
slow cooled and that of a quenched alloy of the same 
composition presented as Pigs•39 and 46« One of the 
effects of quenching is therefore to produce a fine 
dispersion of precipitate and reduce the inter-particle 
distance*
The very slight increases in proof stress with 
increases in volume fraction of precipitate are shown 
in Figs*57 - 59* The values of this parameter may be 
said to range from about 280 N/rnm for unhydrided 
material to about 300 N/mm"' for alloys which contain
600 p.p.m* hydrogen. The increases in proof stress 
with cooling rate may best be seen from a comparison 
of the values for alloys which contain 600 p.p.m. in 
the slow cooled and quenched conditions (Figs.57 and 59) • 
In the case of the alloys Zr-600 p.p.m., hydrogen, the
2values of the O.l^ o Proof stress increase from 300 N/mm
2for the slow' cooled alloys via 320 N/mm for the fast
2 xcooled to 3^0 N/mm for the quenched alloys .
The increased values of the proof stress showm
by the quenched alloys compared with those obtained
for the slow cooled alloys were considered in terms
of the theories of dispersion strengthening
121, 126-8 „ .. -. , . mechanisms . However, xt was realised that
analogies between the jsroperties of the alloys examined
in the present work and those of classically dispersion
strengthened materials could not be justified because
the spacings between the hydride particles in the former
are considerably greater than those between precipitates
119in the latter. Tetelman and McEvily , for example, 
discuss increases in the yield points of steels 
strengthened by dispersions of fine alloy carbides in 
which the interparticle spacings are about 0.02 jam 
whereas the spacings between the hydrides in the alloys 
examined in the present work range from about 80 m to 
about 1500 Jim (see section 5* 2. 1. 2. 2.).
In view of the relatively large distances between 
the hydrides it is probable that any slight strengthening 
effect is due to a combination of long range interactions
*■1 N/mm^ - 1^5 1bp/in
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of precipitates and dislocations and an undetermined 
macroscopic obstructive effect of the particles in 
which they act as physical barriers to dislocation 
motion• Long range interactions could occur between 
the strain fields of dislocations, which arise from 
their structure, and the strain fields associated with 
precipitates due to coherenc}*- or differences in volume/ 
atom ratio in the precipitate and the matrix.
Although the interhydride spacings in the alloys 
examined are several orders of magnitude greater than 
those used in dispersion strengthened materials, it is 
concluded that the reduction in spacing which results 
from the use of quetiching is responsible for the higher 
values of the proof stress in quenched specimens 
compared to the values obtained for slow cooled alloys 
of the same composition. Not only is the interparticle 
spacing reduced by quenching but the fact that the 
number of precipitates is increased in this way implies 
that the density of dislocations due to loss of coherency 
should be higher than for the slow cooled alloys. In 
zirconium-hydrogen alloys the presence of dislocation 
arrays around hydride precipitates has been observed 
by both Bailey"^ and Walters'^ and differences in the 
density of such dislocations might affect the plastic 
properties of alloys differently depending on the 
nature of the dispersion of precipitates.
A similar slight upward trend in the values of the 
ultimate stresses with increases in hydrogen concentration
is evident from an examination of Figs.60 - 62, 
but the effect is more pronounced in the quenched 
alloys (Fig.62). In this case the precipitates are 
present in the form of fine dispersions as shown in 
the micrographs of these alloys in the hydrided and 
quenched condition (Figs.29, 38 and 48). The effect 
of quenching may best be seen from a comparison of 
the values of the ultimate stresses for alloys which 
contain a relatively high volume fraction of 
precipitate® Thus, if alloys of the type Zr-600 p.p.m® 
hydrogen are compared, the values of the ultimate stress
increase fi'om 350 N/mm for the slow cooled alloys
2 2 via 375 N/mm for fast cooled to about 400 N/mm" for
the quenched alloys® As discussed for the case of
the increase in proof stress, the maximum values of
the ultimate stress are achieved in alloys which
contain a high concentration of fine particles® In
the present work, these conditions were achieved in
alloys of 600 p.p.m® hydrogen which were quenched from
the hydriding temperature, 550°C. (see section 3*'2.2.3*2).
The slight increase in the values of the ultimate 
stress is also associated with the stress required to 
force dislocations through arrays of particles, each 
of which has its own array of incoherency dislocations 
(see section 2. 2.), as well as being a physical 
obstacle. An increase in the nucleation rate and hence 
in the number of precipitates produced by quenching 
from the solid solution region thus increases the number
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of dislocations through which a moving one has to 
pass. As dislocations are forced through, loops 
are left around the precipitates could make the 
passage of further dislocations through the arrays 
progressively more difficult. This might be expected 
to affect the rate of work hardening and this is 
therefore discussed in the following section.
An alternative interpretation of the effects of 
cooling rate on the values of the 0.1^ proof stresses 
and the ultimate tensile stresses based on the nature 
of the hydride phases is also possible. The effects 
of cooling rate from 550°C. on alloy constitution 
have already been discussed (see section 5® 1® 2*) 
and it has been shown that an increase in the cooling 
rate favours the reaction a*->a+y almost to the 
exclusion of that of a—>a+8 * The latter reaction 
is favoured by slow cooling from the hydriding 
temperature. It is therefore possible to argue from 
the graphs presented as Figs.57 - 59 that the presence 
of a given concentration of hydrogen as y-phase increases 
the stress values more than when it is present as the 
equilibrium precipitate 5-phase. However, in view of 
the similarities between the hydride phases 8 and y 
discussed in section 5® 2. 1 . 1 ., it is considered that 
the strengthening effects of the precipitates are due 
to differences in size and degree of dispersion of the 
second phases rather than to differences in their 
structure and composition.
Since the standard deviations of the values of 
the stress parameters for the alloys which contained 
600 p sp.m, hydrogen were approximately equal to those 
obtained for alloys of other hydrogen concentrations 
(see Tables 22 and 23), it is concluded that the stress 
behaviour of certain * brittle* alloys is substantially 
the same as that of the * ductile* alloys (see section 
5. 2. 1 6 1,). Even in the alloys which were designated 
as * brittle* it appears that the stress for failure is 
approximately equal to the 0.1^ proof stress of 
unhydrided sponge zirconium. This is consistent with 
the suggestion that the stress for failure of the 
hydride precipitates is built in by matrix slip or 
alternatively dislocations pile up at the matrix/
precipitate interfaces and nucleate cracks in the
11^ - / hydrides according to the Zener mechanism (see sect 1.011
5* 2. 1. 2,). In both cases the initiation of cracks
in the hydride phases of the zirconium-hydrogen alloys
examined appears to occur at stresses greater than the
yield stress of the matrix.
The presence of peaks and porosity in the scanning 
electron fractographs of all of the alloys except those 
embrittled by the presence of continuous grain boundary 
films of hydride shows that there is an appreciable 
contribution from the matrix. Moreover, the fact that 
rupture peaks and porosity are shown in the fracture 
surfaces of the alloys and in those of the unhydrided 
material also confirms that matrix yielding has occurred
(Figs.77 “ 82). The results of the present investigation
of room temperature tensile properties of zirconium-
hydrogen alloys therefore support the conclusion of
68Coleman and Hardie that the presence of brittle 
hydride precipitates does not alter the mode of matrix 
failure.
The values of the nominal fracture stress for the 
alloys examined are included as Tables 22 and 23 as 
engineering data and for the sake of completeness. These 
values were obtained from the load e xtension curves 
•plotted by the Itistron machine (see section 3• 5* 1. 1.) 
and were calculated from the load at fracture (i.e. where 
the load dropped rapidly) divided by the original cross 
sectional area of the specimen. On the true stress/ 
true strain curve, the ulimate stress is a measure of 
the load carrying capacity of the material and the 
true stress required to cause fracture is considerably 
greater than this. The value of the nominal fracture 
stress, which takes no account of the reduction in area 
due to instability (necking) in Tables 22 and 23 is 
therefore less than the value of the ultimate stress.
2. I. 3» 2. Work Hardening Rates
Since plastic flow occurs by the movement of 
dislocations and work hardening is due to the increased 
resistance met by dislocations moving through the metal 
as deformation proceeds, it was considered that the 
differences in volume fraction and numbers of precipitates 
might lead to differences in the densities of dislocations
21 0
pud thus to differences in the rates of work hardening 
in alloys which contained hydride particles. The 
effects of cooling rate on the numbers of precipitates 
have already been discussed (see section 2. 1. 3» !•) 
and the fact that the precipitates have incoherency
o q  c Q
dislocations associated with the 9 has also been 
noted (see section 5® 2. 1. 2. 2.). It was therefore 
considered that in alloys in which both the volume 
fraction and the number of hydride particles were 
relatively high, the presence of an increased number 
•of dislocations associated with the precipitates might 
lead to higher rates of work hardening. Although no 
specific experiments were performed in order to assess 
the effects of hydride precipitate in different volume 
fractions and degrees of distribution on work hardening 
rates, a peripheral investigation was made by way of 
an analysis of representative load vs. extension curves 
(see section 3* 5® 1* 3® ) ®
Of the alloys investigated in the present work, 
the greatest effect was expected in quenched alloys which 
contained 600 p.p.m. hydrogen. The slight increases in 
the values of the ultimate stresses with increasing 
volume fraction of hydride and cooling rate (see section 
5* 2. 1. 3. 1.), seemed to substaiitiate the proposal and 
the values of the work hardening exponents for the alloys 
of the three hydrogen concentrations, three cooling rates 
and four strain rates used in the present work were 
calculated (see section 3® 5® 1* 3)* The calculation
involved the conversion of the load vs. extension 
carves from the Xnstron machine into true stress 
vs. true strain curves and the determination of the 
slopes of the plastic regions of these curves. The 
values of the slopes were taken as being the work 
hardening exponents on the assumption that the form 
of the true stress vs. true strain curves was 
represented by equation 16.
The work hardening exponents were calculated and 
examined with respect to hydrogen concentration, cooling 
rate and strain rate during testing and the results are 
presented as Table 30. An inspection of this data 
shows no apparent relationship between values of the 
exponent and increasing hydrogen concentration. For 
example, the values of the slow cooled alloys in the 
hydrogen concentration range 0 - 600 p.p.m. were 
1.66, 2.12, 1.58 and 2.68 (all x 10*'^ '). Similarly . 
there was no apparent correlation between the values 
of the exponent for one alloy with an increase of strain 
rate and the values for the slow cooled alloy Zr-100 p ep. 
hydrogen were 2.12, 1.65* 1.24 and 2.11 (all x 10~^) 
for strain rates of 1.3 - 333«3 x 10~°^/s ec. In view 
of the effect of quenching on the degree of dispersion 
and number of the precipitates it was expected that 
some form of relationship) between the work hardening 
exponents and strain rate might be more evident in the 
data for the quenched alloys. However an inspection 
of the data for these alloys in Table 30 shows that
there is no such correlation and in view of the 
lack of meaningful relationships, the calculations 
of the exponents were repeated.
The assumption that the true stress vs, true
strain curves were of the form of equation 16 was
retained and data was taken fx'orn different parts of
101 •the curves. Dieter noted tha.t the elastic strain 
values are subtracted from those for plastic strain 
in the true stress vs. true strain curves in order to 
facilitate the positioning of the best sti’aight line 
through the points. Since no discernible yield points 
were recorded on the curves for the alloys examined 
(see section 5« 2e 3.. 3« 1.), it is possible that 
errors were made in this subtraction and that the 
values of the work' hardening exponents were inadvertently 
affected by the inclusion of data points from the 
elastic region. Data from the load vs. extension 
curves was accordingly resampled and the calculation 
repeated. An inspection of the values obtained 
(Column B in Table 30), shows that not only is there 
no apparent correlation between the values of this 
parameter and hydrogen concentration, cooling rate and 
strain -rate but that there are discrepancies between 
the values obtained when compared with the figures in 
Column A in Table 30.
Despite the ajDparent lack of correlation between 
the values of the work hardening exponent and the volume 
fraction and number of precipitates it cannot be
concluded that the work hardening exponent is
independent of these variables. Xt is evident from
the data obtained that in order to assess the effects
of microstructure and strain rate on the values of
the work hardening exponent, a series of experiments
with this as their sole objective would have to be
performed. Xn order to obtain meaningful data it
would be necessary to know the exact volume fractions
of hydride present in each alloy and preferably to have
a grain size sufficiently small as to show a distinct
yield point on the load vs. extension curve (see
section 5® 2. 1, 3® !•)• In this way the inclusion
of data from the elastic region of the curves could
be avoided. In an experiment concerned specifically
with work hardening it would also be necessary to
consider the use of models other than equation 16 in
order to describe the form of the true stress vs. true
strain curves since it has been noted that there is
nothing fundamental about this relationship and that
101deviations from it are frequently observed . In 
such an experiment it might reasonably be expected that 
the presence of high volume fractions of hydride in 
the form of a fine dispersion would show higher rates 
of work hardening than those alloys which contain 
relatively few coarse precipitates.
5. 2. 1. 3® 3« Hardness 
The macrohardness of samples of each group of 
alloys prepared was measured in terms of Vickers Pyramid
Number and the results, classified according to 
hydrogen concentration and cooling rate of the 
specimens concerned, are presented in Tables 20, 21 
and 26. The measurement of both macro and micro 
hardness is described in section 3® 5* 2. From these 
results it is evident that macrohardness is not markedly 
affected by either hydrogen concentration or by cooling 
rate but it is perhaps significant that the highest 
values obtained were those for the alloy of the highest 
hydrogen content, 600 p.p.m. An inspection of this 
data in Table 21. also shows that within this group 
the highest value obtained was for the quenched alloy 
in which the volume fraction of hydride was present 
in a highly dispersed form (see section 5® 1® !•)«
This result is consistent with the trend in the values 
of the ultimate stresses (see section 5® 2. 1. 3® 1.) 
and suggests that the higher values are associated with 
the increased number of dislocations around the hydride 
precipitates (see section 5® 2. 10 3® 2.)0 These would 
hinder the passage of further dislocations during plastic 
deformation.
In section 5® 2. 1. 3® 1® it was concluded that the 
hydride precipitates were not sufficiently close together 
to produce a marked effect on the yield stresses and 
ultimate stresses of the alloys examined and since 
hardness is usually taken to imply a measure of 
resistance to deformation, the similarity between the 
values of macrohardness shown in Tables 20, 21 and 26
appear to support this conclusion. It appears that 
most of the hardness is due to structural features 
of the matrix which are substantiaily the same for 
both the alloys and the unhydrided zirconium,„ It is 
also concluded that any slight hardening effect in 
the quenched alloys is achieved by physical rather 
than chemical means, i.e. it is associated with the 
finely dispersed particles of hydride rather than the 
fact that they will be predominantly y-phase as a •
result of quenching (see section 5® 1®. 2,), The values 
'of macrohardness obtained reflect considerable 
contributions from the matrix material although slight 
increases with increases in both hydrogen concentration 
and cooling rate may be identified. The value of 
macrohardness for the unhydrided sponge zirconium is
in good agreement with the values of about 200 V.P.N.
32obtained by Bailey for commercial zirconium which 
contained 1000 p.p.m. oxygen. The oxygen analysis 
for the sponge zirconium used in the present investigation 
was 1300 p.p.nn (see section 3® 1® )«
The measurement of microhardness in terms of the 
Vickers Pyramid Number was undertaken in an attempt to 
distinguish between the two hydride phases, 6 and Y > 
in a metallographic sample and to identify the sites 
of precipitation (see section 3® 5® 2.), However these 
measurements were not successful and neither of the 
aims was achieved. The reasons for the inadequacy of 
the technique as applied to the alloys examined in the
present work are discussed in section 4, 3» 2.,
but the main reason was that the indentation under 
the lowest available load was larger than the largest 
hydridesc
5t> 2, 2e The Effects of Testing Variables
5. 2» 2, 1, Strain Rate 
1 01Dieter noted that three factors which contribute 
to brittle failure are a triaxial stress system, a low 
temperature and a high strain rate but that all three’ 
do not have to be present simultaneously for failures 
of this type* As discussed in section 2. 3*, the 
embrittlement of zirconium by hydride precipitates was 
first observed as a result of impact testing and, since 
then, much of the work on this phenomenon has been 
concei'ned with testing under high strain rate conditions, 
Xn order to examine the effects of different strain 
rates on the room temperature tensile properties of 
zirconium-hydrogen alloys, the tests in the present work 
were carried out at four strain rates in the range
~4 -210 ~ 10 /sec, as described in section 3° 5* 1® !•
The data obtained for the unnotched,thin specimens is 
presented as Tables 20 - 29 and shown graphically as
Figs,5^ - 62,
Since embrittlement is characterized by a lack of 
measurable plastic deformation prior to fracture, the 
effects of differences in strain rate on the values of 
elongation to failure were considered to be of most 
significance. An inspection of the data obtained from
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the present study (p'igs.5^ - 56), shows that there 
is no consistent variation in elongation to failure 
with strain rate. It is, therefore, not possible to 
conclude that an increase in strain rate produces a 
corresponding decrease in elongation. A conclusion 
of this nature might perhaps have been anticipated 
in view of the association of the embrittlement 
phenomenon with impact testing (see section 2. 3® 1.)«
The strain rate during impact testing, however, has 
been estimated"**^ as being of the order of lO^/sec. and 
is therefore 5 - 7  orders of magnitude greater than 
those used in the present work.
A correlation of the results of the present work 
with those obtained by means of impact testing and 
slow bend testing (see section 2. 3® ) might be valid 
in terms of strain rate but there are significant 
differences in the geometries of the specimens used 
for these tests. These differences are discussed more 
fully in section 5® 2. 2. 2., but, basically, the
specimens in the present work were in the form of thin 
sheet while those used for impact and slow bend testing 
are not only thicker but also incorporate notches.
The distributions of stresses and strains in the 
specimens are therefore different depending on the type 
of test involved.
The data plotted graphically as Figs.5^ - 56 shows 
that there is no consistent variation in elongation to 
failure with variations in the rate of strain during test
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and it is therefore concluded that brittle failure 
is affected by microstructure rather than strain 
rate. The association of brittle behaviour, at the 
low strain rates employed in the present work, with 
the attainment of a continuous network of hydride 
throughout the specimen is discussed in section 
5. 2. 1. 2. 1. Similarly, it is evident from the data 
in Tables 20 -29 that there is no systemmatic variation 
in either yield stress or ultimate tensile stress with
-4 -2increases of strain rate from 10 - 10 /sec. The
upward trends in the values of these parameters with
increasing cooling rate is discussed in section 5*2.1.3*1.
and these trends are reflected at each of the strain
rates used in the present work. Xt is therefore
concluded that the range of strain rates used in the
X>resent study was not sufficiently great to show a
reduction in elongation as the strain rate was increased. 
101Dieter commented that the room temperature stress/
strain curve is not greatly affected by changes in the
strain of the order normally obtainable in the tensile
test. One way in which the stx'ain rate may be increased
in the ordinary tensile test is by the incorporation of
a notch in the specimen. The presence of a notch
increases the strain rate in the region at the root of
the notch in addition to modifying the stress system.
These effects are discussed in section 5* 2. 2. 1.
In a discussion of stx'ain rate and testing techniques
68applied to zirconium-hydrogen alloys, Coleman and Ilardie
referred to a lack of noticeable embrittlement in
tensile testing and tended to favour an explanation
of brittle behaviour in this test based on hydride
orientation relative to the tensile axis. These
71authors ref ex-red to the work of Parry and Evans
8 Pand Marshall and Louthan ~ who found that brittleness
was associated with hydrides orientated perpendicularly
to the tensile axis and that, with suitably orientated
hydrides, brittleness in the tensile test could be
induced in alloys of less than 50 p.p.m. hydrogen.
After discussions of the Charpy, slow bend and edge
6 8notched tensile tests, Coleman and Hardie concluded 
that while the brittle ductile transition temperature 
was markedly affected by strain rate, a high strain 
rate in itself did not seem to be necessary for 
unstable fracture.
5. 2. 2. 2. Specimen Geometry
From the graphs of elongation to failure vs. 
hydrogen concentration shown as Figs.5^ -56, it is 
evident that the effect of an increase in hydrogen 
content is to lower progressively the elongation from 
28# for unhydrided material to about 10# for alloys 
which contain 600 p. p.in. hydrogen. A comparisoii of 
these graphs also shows that this trend is not affected 
by increases in cooling rate from the hydriding 
temperature (see section 5° 2. 1. 2.). Although it is
possible to find specimens A^ithin the gx-oup designated 
Zr-600 p.p.m. hydrogen \?hich behave in a brittle manner
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(see section 5* 2C 1. l * ) t it is evident from.
Figs .5^ - - that specimens of this composition 
generally show appreciable ductility. It is therefore 
concluded .from the present work that the embrittling 
effect of hydrogen on zirconium is not as severe as 
might have been anticijjated from a review of the 
literature (see section 2„ 3®)© However, having reached 
this conclusion, it was realised that one explanation 
of the apparent lack of embrittlement was that the 
tensile testing was initiall}^ confined to thin sheet 
specimens (see section 3* 5© !• 1*) and brittle failures 
are not usually associated with plane stress testing 
conditions. The association of brittle failures in the 
alloys of the type Zr-600 p.p.m. hydrogen with 
continuous networks of brittle hydride throughout the 
■ microstructure has already been discussed (see section 
% P 1 2 1 ^A / *  y ®
Xi^S thin sheet specimens which are loaded in the
plane of the sheet a condition of plane stress is
ajjproached which means that there is relatively little
€
stress acting in a direction normal to the x>late. This
stress condition is unusual because the conditions of
stress in a body are normally triaxial, i.e. three unequal <,
orthogonal stresses act at a point.
Xt is known that the effects of a tensile stress
in the third principal direction on a body already under
conditions of biaxial stress is to reduce the value of
X 0.1 129the maximum shear stress' " J and since jplastic
deformation is produced by shear stresses, the 
ductility of a material tested under these conditions 
is reduced. Thus, low elongation or brittle failures 
are usually associated with triaxial stress systems 
such as are developed at the interiors of notched 
specimens or as may be generated by the restraint
10offered by the non-deforming elements in thick specimens 
It could therefore be argued that the tensile testing of 
thin sheet specimens under plane stress conditions was 
not suitable for the demonstation of the embrittling 
•effect of hydride px'ecipitates in zirconium. Indeed, 
the apprecicible values of elongation to failure obtained 
for s£>ecimens which contained 600 p. p. in. could be 
attributed to the use of plane stress testing conditions 
where shear and, hence, j^lastic deformation are 
favoured.
In ordei’ to clarify the effects of differences in 
testing methods on the mechanical properties of zirconium- 
hydrogen alloys, it was decided to retain the use of 
the tensile test and alter the conditions of stress 
by the use of different specimen geometries. Since an 
embrittling effect was under investigation, conditions 
of triaxial stress were achieved by the introduction of 
a single edge notch to the thin sheet specimens and an 
extension of the testing xDrograinme to include thicker 
specimens (see section 3» 5» 2.). The contributions
made by the presence of a notch in tensile testing are 
the introduction of triaxiality to the stress system,
the concentration of stress near the root of the 
notch and the production of an increased strain 
rate in these areas.
The results of the tensile tests on single edge
notched thin sheet specimens are presented as
Tables 2k - 29 and shown graphically as Figs.63 and 65*
—  2In these tests, strain rates of the order of 10 '/sec 
were used and an inspection and comparison of 
Figs.63 and 65 shows that the effects of differences 
of strain rate at these levels are negligible. From 
these graphs it is evident that the d01mward trend in 
elongation with an increase of hydrogen concentration 
is maintained irrespective of the rate at which the 
alloys were cooled from 550°C. but that the overall 
values of elongation are reduced. A comparison of the 
graphs of elongation to failure vs. hydrogen concentration 
for the unnotched and notched slow cooled alloys,
Figs. 5^ - and 63, shows a reduction from 28$ to 10$ in 
the first case and from 10$ to 1$ in the second. In 
all cases the elongations to failure of the notched 
specimens are less than those of their unnotched 
counterparts, as may be seen from a comparison of 
Figs.63 - 65 and 5k - 5b.
The results of an examination of the fracture surfaces
of the thin sheet notched alloys by means of the scanning
electron microscope (see section 3* 3* k m 3*) are
presented as Figs.86 - 91* These fractographs show the 
presence of ductile shear peaks and evidence of porosity
.in the deformed region but there appear to be fewer
pores than in the fractographs of their unnotched
counterparts which, are presented as Figs.77 - 85®
Whilst the failures of the notched specimens of a
low hydrogen concentration (100 - 250 p.p.m.) occurred
at elongations of about 10$ those of alloys of 600 p.p.m.
hydrogen occurred at low values -of about 1$. In terms
of elongation the notched specimens of high hydrogen
concentration might be termed brittle but the fracture
surfaces of these specimens are not markedly different
from those of the alloys of low hydrogen concentration
(Figs.91 and 89)® This evidence suggests that the
failure mode of the matrix both in low and high elongation
failures is the same and is unaltered by the presence
of hydride precipitates and a stress concentrator.
This observation may also be taken as evidence to support
68the conclusion of Coleman and Hardie that cleavage 
of the zirconium matrix in these alloys does not appear 
to occur even in low elongation failures.
The trend in elongation with increasing hydrogen 
concentration of the notched thin specimens is thus 
downward as in the case of the unnotched specimens but 
the magnitude of the elongations for the notched specimen 
is lower. This effect appears to be consistent with 
the reduction in the ratio of the shear stresses and 
the tensile stresses in the specimens that arise due 
to the presence of a notch. Although the stress 
concentration factors at the roots of notches are well
129laiown it is not possible to assign numerical values 
to them in this case because the notches were made 
manually. The unknown and undoubtedly variable notch 
geometr}*- is acknowledged in section 3® 5 - 1® 2° and 
concentration factors betx^een 20 and about 300 appear 
to be likely dependiug on the radius at the root of 
the notch.
The fracture stress data for the thin sheet notched 
specimens in presented as Table 25® This data was 
obtained by dividing the load at fracture recorded by 
the Xnstron machine by the estimated load bearing area 
after the specimens had been notched. The variation in 
notch geometx’y, which has already been discussed, also 
affects any values of fracture stress,but from the 
data in Table 25 it appears that under the conditions 
of testing employed in the present work the alloys are 
notch insensitive in terras of stress. Since the values 
obtained for the fracture stresses of the notched 
specimens are approximately equal to those of the 
ultimate stresses for the unnotched alloys, Tables 22 and 
it is concluded that the stress data reflect the 
properties of the matrix. This conclusion is supported 
by evidence of the plastic deformation and failure of 
the zirconium matrix in notched specimens obtained by 
scanning electron microscopy and presented as Figs,88 - 91
The effects of specimen geometry on the behaviour 
of zirconium-hydrogen alloys was also investigated by 
testing thicker sx>eciraens as described in section 3® 5® 1®
The sensitivity of the elongation to failure of these
allo3rs to the presence of notches has already been
shown and it is known that triaxiality in the stress
system can also be induced by restraint of the non
102deforming elements of the sj^ecimen . The results 
obtained from the testing of zirconium-hydrogen alloys 
made from sheet of about 2 „ 5mm in thickness are presented 
as Tables 26 - 29»
From the data shown graphically as Figs#66 and 67 
it is evident that the trend in elongation to failure 
with increasing hydrogen is downwards as before but a 
comparison of this graph with Figs.54 and 56 shows that 
the trend is accentuated by an increase in specimen 
thickness. This might be expected from the reduction 
in the ratio of shear stresses and tensile stresses 
associated with a triaxial stress system which prevails 
in thicker specimens. The curves in Figs.66 - 67 are, 
however, less steep than those for the notched thin sheet 
alloys Figs.54 - 56, and it is concluded that the effect 
of a notch reduces elongation more markedly than does 
an increase in specimen thickness. In slow cooled alloys, 
the reduction in elongation as the hydrogen concentration 
is increased to 600 p. p. 111. is from 28$ to 10$ for thin 
sheet specimens, from 24$ to 2$ for thick specimens and 
from 10$ to 1$ for thin, notched specimens (Figs.54,
66 and 63)*
The maximum degree of triaxiality in the present 
work was obtained by means of the introduction of a
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single edge notch to thick specimens. The data for 
the values of the elongation to failure for the 
notched, thick specimens are shown in Table 29 and 
presented graphically as Figs.68 and 69* From this 
data the reduction in elongation with incr'easing 
hydrogen is evident and a comparison of Fig.68 and 
Fig.66 shows that the magnitude of the elongations 
obtained for the notched specimens is consistently 
lower than those for the unnotched specimens. Moreover, 
a comparison of the elongation to failure data for 
notched thin specimens Fig.63, and notched thick specimens 
Fig.68, shows that the values of this parameter are 
almost identical. This suggests that the presence of 
a notch is much more effective in inducing embrittlement 
in sirconium-hydx’ogen alloys at room temperature than 
is a five-fold increase in specimen thickness and that 
the presence of a notch and a hydrogen concentration 
of 600 p.p.m. or more will cause failure at low elongation 
irrespective of specimen size. The effect of the 
presence of notches in thick sheet specimens of zirconium- 
hydrogen alloys further substantiates the conclusion that 
elongation is reduced most markedly by the presence of 
a triaxial stress system* This conclusion was reached 
from a consideration of the tensile data obtained from
68the present work and supports that of Coleman and Hardie 
The effects of different degrees of triaxiality in the 
stress system, from zero for the thin sheet specimens to 
some appreciable value in the case of the notched
specimens, goes some way to explaining the lack of 
embrittlement obtained in the earlier testing in 
the present work. The elongation to failure data 
shows that an alloy which contains 600 p.p. in. hydrogen 
may fail after an appreciable elongation (about 10;b) 
if the specimen is in thin sheet form but may also 
fail at very low elongation (l$>) in the presence of a 
notch ox* else if the specimen is of appreciable thickness.
The fracture stress data for the notched, thick • 
specimens is shown as Table 29 and it may be concluded 
that the specimens are not notch sensitive in terms of 
stress under the conditions of testing employed in 
the present work. The values of the failure stress 
obtained for notched thick zirconium-hydrogen alloys 
are almost identical to those obtained for the unnotched 
material and therefore it is assumed that matrix failure 
occurred by shear in the same way as for the thin 
notched specimens.
A consideration of the effects of specimen geometry 
on the mechanical properties of zirconium-hydrogen 
alloys shows that, at room temperature and under low 
strain rate conditions, an alloy of the type Zr-600 p.p.m. 
hydrogen may fail at low elongation if the specimen is 
either notched, thick or both or at high elongation if 
it is unnotched and thin. Embrittlement, or failure 
at low elongation, under these conditions seems therefore 
to be favoured by the presence of a triaxial stress 
system.
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6« Conclusions
»■ r.nrm. I   w<»«n*
From the systematic survey of aspects of the 
microstrueture and mechanical properties of zirconium- 
hydrogen alloys described in this.thesis, the following 
conclusions may be drawn*
1® Experimental Techniques 
3.* The Nonius-Guinier- focussing X-ray camera technique 
may be used to identify uniquely the hydride phases 
present in zirconium-hydrogeu alloys of low hydrogen . 
concentration* Although the lowest concentration of 
'hydrogen in any specimen examined in the present work 
was S3 p«p*mc, phase identification in specimens of 
much lower hydrogen concentration should be possible 
by means of this technique® If the X-ray tube is 
operated under conditions such that the generation of 
harmonic X-radiation is avoided, semi-quantitative 
estimates of the concentrations of the hydride phases, 
present in these alloys may be made from the films 
obtained®
2® Nomarski Differential Interference Microscopy may 
be used to overcome the lack of contrast between the 
hydride precipitates and the zirconium matrix in polished 
specimens® The use of this technique enables hydride 
morphology to be studied and recorded photographically, 
in unetched specimens, at magnifications of about 1000 X 
by optical methods®
2® Microstructure 
1* The distribution and morphology of the precipitates
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is markedly affected by the rate at which zirconium- 
hydrogen alloys are cooled from the a-phase field.
Slow cooling, at about 2°C/min., favours precipitation 
mainly at grain boundary sites while increases in 
cooling rate progressively reduce the volume fraction 
at these sites and favour intragranular precipitation. 
Thus, quenching from the a-phase field favours the 
formation of I/idmanstatten structures.
Increases in cooling rate increase the number of 
precipitate particles and decrease their size. In 
slow cooled alloys ( ^'2°C/min.), the hydride occurs as 
relatively few coarse particles principally at the 
grain boundaries but in quenched alloys ( ^ 250°C/sec.), 
the hydride is present as a dispersion of fine particles 
in intragranular sites with less precipitate at the 
boundaries.
2. The nature of the hydride phase formed in these 
alloys is markedly affected by increases in cooling rate 
from the a-phase field but the hydride phases Sand y 
were identified, in varying concentrations, in all of 
the alloys examined in the present work. The use of 
slow cooling favours the reaction q — £a*S and in
slow cooled alloys the hydride consists almost 
exclusively of the equilibrium face-centred cubic 6-phas 
Conversely, the use of quenching favours the reaction 
a — and . in quenched alloys the hydride consists 
almost exclusively of the face centred tetragonal y-phas
There is no metallographic evidence in the present
work to suggest that one hydride phase is located 
preferentially at one type of site within the 
matrix. J.t is therefore not possible to distinguish 
between hydride phases solely from position in the 
micros true ture.
3® Mechanical Properties
>i uni i«w n n i mmn nmTin Tn Tm rir-n -T r rrt i i iiiiit ^ . h tv, i «<»■ iif 'W .w w  ■■ w.i —  i.»v*r»a»
1* The room temperature elongation to failure of 
the alloys investigated is progressively reduced by 
increases in hydrogen concentration. This effect 
appears to be due to the increasing fraction of the 
load bearing area which is covered by hydride.
2. Brittle failures are associated with the presence 
of a continuous network of hydride throughout the 
microstructure irrespective of whether the continuous 
path is in or around the grains. The rate of cooling 
from the a-phase field has very little effect on the 
properties of specimens of a given hydrogen concentration 
and thus the hydride phases 6 and Y are equally 
effective embrittling agents in zirconium.
3 ® In the presence of a triaxial stress system, the 
progressive reduction in elongation to failure with 
increasing hydrogen concentration still occurs but at 
a lower overall level. Alloys which contain 600 p.p.m. 
hydrogen and which fail after appreciable elongation 
( may be made to fail at very low elongations
(<!$.), by the presence of a notch even under conditions 
of low strain rate and at room temperature. However, 
even in notched thick specimens, low strain failures
( < !$>} J do not appear to occur until about 600 p*p*m# 
hydrogen is present, 
k* The presence of hydride precipitates in zirconium-* 
hydrogen alloys does not appear to alter the mode of 
failure of the zirconium matrix* Even in alloys of 
low elongation to failure, the matrix appears' to fail 
by ductile shear# The precipitates themselves appear 
to fail by cleavage and cracking does not appear to 
occur at the matrix/precipitate interfaces In a specimen 
which contains a continuous network of hydride throughout 
the microstructure, failure occurs at very low strain 
and cracking is confined exclusively to the hydride 
phase#
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7o Sugges tlons Tor Further Work
Hecommendations for further study of the 
airconium-hydrogen system may be broadly divided into 
examinations of equilibrium phase relationships and 
the effects of alloy constitution on mechanical 
properties* Prom the present work, it has been 
established that the hydride phases Sandy occur, in 
different concentrations, in all of the alloys examined 
irrespective of the rate at which they were cooled from 
the a-phase field* Since the y-phase has been designated 
metastable (see section 2* 1* 6* 3•) and yet has been 
identified^in alloys slowly cooled from the a-phase 
field, it ajDpears that some clarification of its 
occurrence, in-terms of hydrogen concentration and 
temperature, is required*
Since the y-phase has been identified in alloys 
which contained a nominal 100 p ep*m* hydrogen, it would 
be valuable to examine alloys of much lower hydrogen 
concentration and possibly to establish a limiting 
hydrogen concentration below which this phase does not 
occur* If such a limiting concentration were found, 
further studies of the occurrence of y-phase at elevated 
temperatures could follow and perhaps lead to the 
establishment of a field of y-phase stability* An 
approach which might also clarify the arole of y-phase 
in equilibrium phase relationships in the zirconium- 
hydrogen system is the ageing of a series of alloys of 
low' hydrogen concentration in which the hydride is
initially present as y-phase* In this way, it might 
also he possible to establish a temperature below 
which the y-phase is stable atid to define a field of 
stability for it. It should be possible to identify 
the hydride phases unambiguously, even when they are 
present in very low concentrations, by moans of the 
Nonius-Guinier focussing X-ray camera technique 
described in the present work
It has been established that the hydrides 6 and . 
y are equally effective embrittling agents in zirconium- 
•hydrogen alloys when they form continuous paths 
throughout the specimens but in order to study the 
differences between the effects of Sandy hydrides on 
ductility when they are present in low concentrations, 
more stringent conditions are necessary.
Thus, in order to examine differences between the 
effects of low concentrations of 5*"phase and low 
concentrations of y-phase on ductility, the chemical 
and phase analysis of each individual sample should be 
determined and mechanical behaviour related specifically 
to each specimen. In this way, the masking of certain 
effects by scatter in composition and mechanical property 
values could be minimised and small differences in 
mechanical properties could be attributed more reliably 
to differences in alloy constitution.
In view of the marked reductions in the values of 
the elongations to failure obtained for notched specimens 
as compared to those obtained from their unnotched
counterpax'ts, it appears that an investigation of 
the embrittlement phenomenon is carried out most 
effectively under tx’iaxial stress conditions.
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The specimens were examined by means of* Cu KQX-radiat±on. 
d - interplanax' spacing (in Xngcirom units)*
X - visually estimated intensity*
S, M etc,, - strong, medium.•••*•
W ¥  - a line that is barely detectable (i.e. of very 
much lower intensity than lines designated W W ) .
ghost - a line caused by diffraction of* the entrant 
X~ray beam by internal camera components, specimen 
holder etc*
streak - a line varying width often ending halfway 
across the width of a track.
Certain X-ray reflections in the patterns of a-zirconium 
and the hydrides 6 and Y correspond to the same 
d value. Such reflections are attributed to
1 0 0 1 8. 607 0.0224 0 5.1470 2 0 Abs ent
2 1 0 0 15.973 0.07573 2.7990 6 38150 24.154
3 0 0 n 17.416 0.08958 2.5735 2 40079 25.375
4 1 0 1 18.255 0.09812 2.4589 12 157947 100.000
5 1 0 2 23.990 0.16531 1.8945 12 23421 14 .829
6 0 0 3 26.676 0.20158 1.7157 2 0 Abs ent
■7 1 1 0 28.466 0.22718 1.6160 6 . 27445 17.377
8 1 0 3 31.775 0.27728 1.4627 12 29157 18.460
9 2 0 0 33.393 0.30291 1.3995 6 4170 2. 64 0
10 1 1 2 3.4-251 0.31677 1 .3686 12 30898 19.562
11 2 0 1 34.775 0.32531 1.3505 12 22145 14.021
12 0 0 4 36.770 0.35832 1.2867 2 4185 *2.650
13 2 0 2 38.792 . 0.39249 1.2295 12 5424 3.435
14' 1 0 4 41.210 0.43405 1 .I69I 12 4669 2.956
15 2 0 oJ 45.256 0.50447 1. 084-5 12 11605 7.347
16 2 1 0 46.726 0.53010 le0579 12 3684 2.332
17 2 1 1 48.013 0.55249 1.0363 24 21356 13.521
18 1 1 4 49.923- 0.58551 1•0066 12 13719 8.686
19 2 1 2 51.924 0.61968 0.9785 24 6712 4.250
20 1 0 5 52.868 0.63561 0.9661 12 10022 6.346
21 2 0 4 54.406 0.66124 0.9472 12 334 0 2.115
22 3 0 0 55.646 0.68156 0.9330 6 6724 4.257
23 2 1 3 58.800 0.73165 0.9005 24 20980 13.283
24 3 0 2 61.419 0.77H3 0.8771 12 14-784 9.360
25 0 0 6 63.884 0.80623 0.8578 2 2640 I .672
26 2 0 5 68.259 0.86279 Oe 8292 12 13975 8.848
27 1 0 6 69.905 0.88195 0.8202 12 5018 3.177
28 2 1 4 70.486 Oo88842 0.8172 24 10322 6.535
29 2 2 0 72.417 0.90874 0.8080 6 11421 7 . 2 3 1
30 11 31 0 Theta exceeds 90 degrees.
Wavelength No» 1 = 1.54050 Angstroms
Table 1. Calculated X-ray Diffraction Data.
A1pha Zirconium,
Compare N.B.S. Circular 539 Vol.2. P. 11.
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No,
Indices 
h k 1 Th eta
0 * 2 bin
Theta
1 1 0 0 7.909 0.01893
2 0 0 2 8 . 607 0.02240
3 1 0 1 9.011 0.02453
.4 1 0 2 11.729 0 . 0*1133
3 1 1 0 13.787 0.05680
6 1 0 3 15.265 0.06932
7 2 0 0 13.973 0.07573
8 1 1 2 16.344 0.07919
9- 2 0 1 16.570 0.08133
10 0 0 4 17,416 0.08958
11 2 0 2 18.255 0.09812
12 1 0 4 19.233 0.10851
13 2 0 3 20.801 0.12612
14 2 1 0 21.348 0.13252
13 2 1 1 21.817 0.13812
16 1 1 4 22.494 0.14638
17 2 1 2 23.179 0.15492
18 1 0 3 23.492 0.15390
19 2 0 4 23.990 0.16531
20 3 0 0 24.380 0.17039
21 3 0 1 24.804 0.17399
22 2 1 3 25.321 0.18291
23 3 0 2 26.045 0.19278
24 0 0 6 26.675 0.20156
23 2 0 5 27.674 0.21570
Tabic 2.
2k9
D Mul t.
Abs . 
Intsy.
Rel. 
In tsy
2.7990 6 653109 23.953
2.5733 2 689441 25.285
2.4589 12 2726652 100.000
1.8945 12 *118985 15.366
1•6160 6 307897 18.627
1.4627 12 531161 20.214
1.3993 6 79403 2.912
1 .3686 12 589824 21.632
1.3303 12 423209 15.521
1.2867 2 80011 2.934
1.2293 12 102951 3.776
1 .I691 12 86814 3.184
1.0845 12 201506 7.390
1.0579 12 61697 2.263
1.0363 24 344782 12.645
1•0066 12 208001 7.628
0.9785 24 94307 3.459
0.9661 12 135391 4.965
0.9472 12 42148 1.546
0.9330 6 79995 2.934
0.9180 12 0 Absent
0.9005 24 212226 7.783
0.8771 12 129158 '+.737
0.8578 2 19927 0.731
0 .8.292 12 79723 2 .9 2 h
Con t limed
No.
Ind ices 
h k 1 Til e t a
2Sin
Theta
26 1 0 6 28,006 0.22049
27 3 0 3 28.026 0.22078
28 2 1 4 28.117 0.22211
29 2 2 0 28.466 0.22718
30 3 1 0 29.742 0.24612
31 2 2 2 29.972 0.24958
32 3 1 1 30.113 0.25172
33 1 1 6 30.550 0.25835
34 3 0 4 30.655 0.25997
35 3 1 2 31.210 0.26851
36 2 1 5 31.467 0.27249
37 2 0 6 31.775 0.27728
38 1 0 7 32.789 0.29327
39 3 1 3 32.992 0.29651
4o 4 0 0 33.393 0.30291
4l 4 0 1 33.741 0.30851
42 3 0 5 33.855 0.31036
k3 2 2 4 34.251 0.31677
44 4 0 2 34.775 0.32531
45 2 1 6 35.310 0.33408
46 3 1 4 35.408 0.33570
k7 2 0 7 36.275 0,35007
48 4 0 3 36.469 0.35330
49 0 0 8 36.770 0.35832
50 3 2 0 36.853 0.35971
Ta bl e 2«
D Mult.
Abs 
Intsy.
Rel. 
Int sy
0.8202 12 25582 0,938
0.8196 12 0 Absent
0.8172 24 50522 S_l r CO Ui
0.8080 6 48583 1.782
0.7763 12 21159 0.776
0.7709 12 82634 3.031
0.7676 24 122155 4.480
0.7577 12 77890 2.857
0.7553 12 77065 2.826
0.7432 24 36470 1.338
0.7378 24 106718 3.914
0.7314 12 17271 0.633
0.7112 12 47183 1.730
0.7073 24 92673 3.399
0.6997 6 7456 0.273
0.6934 12 43423 1.593
0.6913 12 0 Absent
0. 6843 12 55487 2.035
O.6752 12 13298 0. 488
0. 6663 24 25513 0.936
0.6647 24 25324 0.929
0.6509 12 35649 1.307
0.6479 12 35-168 1.290
0,6434 2 7655 0.281
0.6421 12 1.1419 0.419
Continued
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NO a
Indices 
h  1c 1 Th e t a
Sit.2
Theta
51 3 2 1 37.186 0.36531
52 3 0 6 37.580 0.37195
53 1 0 8 37.895 0.37726
54 3 2 2 3 8.1 8 1 . 0.38210
55 3 1 5 38.415 0.38609
56 4 0 4 38.792 0.39249
57 4 1 0 39.090 0.39757
58 4 1 1 39.^17 0.4031-7
59 2 1 7 39.632 0.40687
60 3 2 3 39.821 0.41010
61 1 1 8 40.113 0.41512
62 1 2 40.395 0.41997
63 2 2 6 40.903 0.42874
64 2 0 8 4.1. 210 0.43405
65 4 0 5 41.720 0.44288
66 3 0 7t 41.827 0.44473
67 3 1 6 41.996 0.44767
68 4 1 3 4 2. 013 0.44796
69 3 2 4 42.090 0.44929
70 1 0 9 4 3 .420 O.47244
71 5 0 0 43.470 0.47330
72 5 0 1 43.791 0.47890
73 4 1 4 44.264 0.48715
74 2 1 8 44.476 0.49085
75 5 0 2 44.753 0.49570
Ta ble 2 .
D Mui t.
Abs. 
In tsy.
Rel. 
In tsy
0.6372 24 67017 2.458
O .6315 12 43565 1.598
0.6270 .12 10681 0.392
0.6230 24 20999 0,770
0.6198 24 62139 2.279
0. 6147 12 10139 0.372
0. 6108 12 39907 1.464
0.6065 24 0 Absent
0.6038 24 58212 2.135
0.6014 24 57677 2,115
0,5977 12 37924 1.391
0.5943 2.4 74885 2.746
0.5.882 12 36638 1. 344
0.5846 12 9048 0,332
0.5787 12 26641 0.977
0.5775 12 0 Abseil t
0.5756 24 17595 0.645
0.5754 24 0 Absent
0.5746 24 17542 0® 643
0.5603 12 25378 0.931
0.5598 6 4225 0,155
0.5565 12 25185 0.924
0.5518 24 66611 2.443
O.5497 24 166 01 0.609
0.54 70 12 8271 0.303
Continued
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No.
Indices 
h k 1 Thcta
Sin2
Thcta
76 3 2 3 44.982 0./19968
77 k 0 6 45,256 0.50447
78 3 3 0 45.640 0.51117
79 3 1 7 46.173 0.5^046
80 5 0 3 46.358 0.52369
81 3 0 8 46,646 0.52871
82 2 0 9 4 6 e 6 7 6 0.52923
83' . k 2 0 46,726 0.53010
84 3 3 2 46.924 0.53556
85 k 2 1 47.047 0,53570
86 k 1 5 47,153 Oc 53754
Wavelength No, 1 =
D Mul t.
Abs. 
Intsy.
Rel. 
In tsy
GO
IS00 24 49510 1.816
0.5422 12 8232 0.302
0.5387 6 16429 0.603
0.5338 24 49237 1. 806
0.5322 12 24623 0.903
0.5297 12 32860 1.205
0.5294 12 24648 0.9 04
0.5290 12 8218 0.301
O.5272 12 32911 1.207
0,5262 24 49415 1.812
0.5253 24 0 Absent
0,77025 Angstroms
Table 2, Calculated X-ray Diffraction Data,
Alpha Zirconium - Lambda/2 Harmonic Diffraction.
oNo.
Indices 
h k 1 Theta
Siu‘~
Theta D Mul t
Abs 0 
• Intsy.
Del. 
Intsy.
1 1 1 1 16.203 0.07787 2.7603 8 2880477 100.000
2 2 0 0 i—i CO VO 3^ 0.10382 2.3905 6 1353466 46.988
3 2 2 0 27.109 0 .'20764 1.6903 12 1033260 35*871
4 3 1 1 32.298 0.28551 1.4415 24 1257792 43,666
5 2 2 2 33*924 0.31146 1.3802 8 365399 12.685
6 4 0 0 40,123 0.41528 1.1952 6 210516 7*308
7 3 3 1 44.608 0.49315 1.0968 24 777039 26.976
8 4 2 0 46.095 0,51911 1 .O69I 24 . 776353 26.952
9 4 2 2 52.116 0.62293 0.9759 24 982389 34.105
10 5 1 1-L. 56.839" 0.70079 0.9201 24 1502699 52.168
11 3 3 3 56.839" 0.70079 0.9201 8 500902 17*390
Wavelength No, 1 = 1.54050 Angstroms
Table 3® Calculated X-ray Diffraction Data. 
Delta Zirconium Hydride. 
Composition ^
No. h k 1 Theta
Sin^
Theta D Mul t.
Abs * 
Intsy.
Rel * 
Intsy.
1 1 1 1 16.203 0.07787 2.7603 8 2880^477 100.000
2 2 0 0 18.797 0.10382 2.3905 6 1339139 46.490
3 2 2 0 27.109 0.20764 1.6903 12 1040208 36.112
4 3 1 1 32.298 0.28551 1.4415 24 1257792 43.666
5 2 2 2 33.924 0.31146 I .3802 8 363738 12.628
6 4 0 0 40.123 0*4.1528 1.1952 6 211143 7.330
7 3 3 1 44.608 0.49315 1.0968 24 777039 26.976
8' 4 2 0 46.095 0.51911 1.0691 24 774743 26.896
9 4 2 2 52.116 0.62293 0.9759 24 983892 34.157
10 5 1 1 56.839* 0.70079 0.9201 24 1502699 52 0168
11 3 3 3 56.839* 0.70079 Oo 9201 8 500902 17.390
Wavelength No, 1 = 1*54050 Angstroms
Table 4* Calculated X-ray Diffraction Data. 
Delta Zirconium.Hydride.
* Compo s i t ion Zrll^  .
254
2Indices Sin Abs. Rel.
No. h k 1 Theta Theta D Mult . Intsy. Intsy.
1 1 1 1 16.203 0.07787 2.7603 8 2880477 100.000
2 2 0 0 18.797 0.10382 2.3905 6 1424507 49.454
3 2 2 0 27.109 0 . -2076*1 1.6903 12 999682 34.705
4 3 1 1 32.298 0.2855-1 1.4415 24 1257793 4 3 .666
5 2 2 2 33.924 0.31146 1.3802 8 373564 12.969
6 4 0 0 40.123 0.41528 1.1952 6 207471 7.203
7- 3 3 1 44.608 0.49315 1.0968 24 777039 26,976
8 4 2 0 46,095 0.51911 I .0691 24 784243 27.226
9 4 2 2 52.116 0.62293 0.9759 24 975059 33.851
10 5 1 1 56.839* 0.70079 0.9201 24 1502699 52,168
11 3 3 3 56.839* 0.70079 0.9201 8 500902 17.390
Wavelength No. 1 = 1#54050 Angstroms
Table 5* Calculated X-ray Diffraction Data.
Delta Zirconium Hydride
* Hydrogen Atoms Omitted from Structure 
Factor Calculations.
255
No •
Indie es 
h k 1 Theta
Sin~
Theta D Mill t e
Abs. 
Intsy.
Rel. 
Intsy.
1 1 0 1 13.197 0.05212 3^3738 8 0 Absent
2 1 1 0 13.711 0.05618 3.2497 4 778 0 . 028
3 1 1 1 16.^52 0.08021 . 2.7196 8 2761202 100.000
4 0 0 2 18.062 0.09613 2 .4843 2 515031 18.652
5 2 0 0 19.585 O . H 236 2.2979 4 820163 29.703
6 1 0 2 20.637 0.12422 2.1854 8 0 Absent
7 2 0 1 21.673 0.13639 2.0856 8 0 Absent
8 1 1 2 22.971 0.15231 1*9736 8 ’167 0.006
9- 2 1 I 23.927 0.16448 1.8992 8 0 Absent
10 2 0 2 27.168 0.20849 1.6869 8 675674 24.470
11 2 2 0 28.298 0.22472 1 .6248 4 301488 10.919
12 2 1 2 29.104 0.23658 1.5836 8 0 Absent
13 1 0 3 29.627 0.24438 1.5581 8 0 Absent
14 2 2 1 29.918 0.24876 1.5443 8 0 Absent
15 1 1 3 31.466 O.27247 1.4756 8 447295 16.199
16 3 0 1 31.7^7 0.27685 1.4639 8 0 Abs ent
17 3 1 0 32.006 0.28091 1*4533 4 12 0. 000
18 3 1 1 33.519 0.30494 1.3948 8 383936 13*905
19 2 2 2 34.502 0.32085 1.3598 8 355224 12.865
20 2 0 3 34.979 0.32865 1 .3436 8 0 Absent
21 3 0 2 36.208 0.34894 1.3039 8 0 Absent
22 2 1. 3 36.675 0.35674 I .2896 8 0 Absent
23 . 3 1 2 37.882 0.37703 1.2544 8 7 0.000
24 0 0 4 38.323 0 .38^152 1.2422 2 74416 2.695
25 3 2 1 38.599 0.38921 1.2346 8 0 Absent
Ta ble 6 Continued
2$6
No.
Indices 
h k .1 Theta
Sin^ 
Th eta D IViul t.
Abs « 
Intsy.
Rel. 
In tsy,
26 1 0 4 39.967 0.41261 1.1991 8 0 Absent
2 7 1 .1 4 41.594 0.44070 1,1603 8 4 0.000
28 2 2 3 41, 6.13 0. 44.101 1,1599 8 0 Absent
29 4 0 0 42.099 0.4 4945 1.1489 4 133159 4.823
30 3 2 2 42.781 0.46131 1.1341 8 0 Absent
31 3 0 3 43.229 0.46911 1.1246 8 0 Absent
32 4 0 1 43.480 0.47348 1.1194 8 0 Absent
33 2 0 4 44.821 0.49688 1.0927 8 257406 9.322
34 3 1 3 44.839 0.49720 1.0924 8 259111 9.384
35 sk 1 1 45.090 0.50157 I.O876 8 0 Absent
36 3 3 0 45.323 0.50563 1.0832 4 1 0.000
37 2 1 4 46.431 0.52497 1.0631 8 0 Absent
38 3 3 1 46.700 0.52966 1.0584 8 263637 9.548
39 4 0 2 47.615 0.54558 1.0428 8 266963 9.668
40 4 2 0 48.55-1 0.56181 1,0276 . 4 136950 4 .96O
Wavelength No. 1 =1.54050 Angstroms
Table 6. Calculated X-ray Diffraction Data*
Gamma Zirconium Hydride®
Data from Advances in Chem,Series No.39? 1963*
m .
No. h k 1 Th eta
Sin ~ 
Tli eta D Mul t.
Abs. 
Intsy.
Rel. 
Intsy.
1 1 0 1 16.202 0.07786 2.7605 8 720245 100.000
2 1 1 0 18.027 0.09577 2.4890 4 250729 34.812
3 0 0 2 20.259 0.11989 2.2245 2 90472. 12.561
4- 2 0 0 25.954 0.19153 1.7600 4 98236 13.639
3 1 1 2 27.671 0.21566 1.6586 3 163545 22.707
6 2 1 1 31.267 0.26939 1.484o 16 227256 31.553
7 2 0 2 33.921 0.311**2 1.3802. 8 90948 12.627
8 1 0 3 3**. 305 0.31764 1.3667 8 91088 12.647
9 2 2 0 38.237 0.38306 1.2445 4 37713 5.236
10 3 0 1 42.758 0.46092 1.1345 8 65442 9 * 086
11 3 1 0 43.786 0.47883 1.1131 8 63965 8.881
12 0 .0 4 43.830 0.47958 1.1122 2 16439 2. 282
13 2 2 2 45.169 0.50295 1.0861 8 64-026 8. 890
14 2 1 3 45.526 0.50917 1.079*1 16 129997 18.049
15 1 1 4 49.333 0.57534 1.0155 8 69986 9.717
Wavelength No. 1 = 1.54050 Angstroms
Table 7* Calculated X-ray Diffraction Data.
Epsilon Zirconium Hydride Data from Pearson.
Material X-ray Exposure
CuKq X-radiation 
474 hours, 12kV, 26mA
yLii wM.m>>mwLiiaa»i>w»i<«nM»r*attagi»a*jj»wcffag»»^ uiwii—nw«irw ■* ar^imtwn ^
Published Data^'
Uuhydrided Sponge 
Nonius Filin
Zirconium
Data
d (A) I Notes
/ O Vd (A) h k 1 Phase
2 .  81 VS 2.7990 100 a -Zr
2.58 YW 2-5735 002 a-Zr
2.4? VS 2.4589 101 a-Zr
2.23 VW ghost
2.13 VW ghost
2.04 VW ghost
1.895 W 1.8945 102 a-Zr
1.709 vvw"
1.622 S 1.6160 110 a-Zr
1.558 VW streak
1.465 vvw 1.4627 103 a-Zr
1 .4o4 M spotty 1.3995 200 a-Zr
1.373 M spotty 1.3686 112 a-Zr
1.358 s spotty 1.3505 201 a-Zr
1.233 MW
—
spotty 1.2295 202 a-Zr
Table 8. X-ray Identification of Phases in 
Zirconium-Hydrogen Alloys.
?3r~l00 p„p,nu hydrogen, 
slow cooled from 550 G*
CuKa X-radiation 
474 hours. 12kV, 26mA
Nonius Film Data Publis
14,17,89,96. 
hed Data
| 0<* 
| 
'd I Notes
/ O V
d (A) h lc 1 Phase
2. 81 s 2.7990 100 a-Zr
2.76 MW 2.759 111 5-hydride
2c 72 VW 2.718 111 y-hydride
2.58 w 2.5735 002 a
2.47 vs 2.4589 101 • a
2.40 vvw 20 388. 200 6
2. 29 VVW* 2.292 200 Y
2e 24 w w w ghost
2.14 vvw ghost
lo * o CO vvw ghost
2.04 vvw ghost
1. 90 M spotty 1.8945 102 a
1.69 1.689 220 ,202 5 and/orY
1.62 vs 1.6160 110 a
1.57 vvw film mark
1.46 vvw 1.4627 103 a
1.443 vvw 1.440 311 5
1 0 403 M spbtty 1.3995 200 a
1.375 s spotty I .3686 112 a
1.354 s spotty 1.3505 201 a
1.291 VW spotty I .2867 004 a
I .233 Ml/ spotty 1.2295 202 a
Table 9® X-ray Identification of Phases in
Zirconium-Hydrogen Alloys•
1 Material
I V Tn| ji a.** JL O»y Exposure
Zr-100 p.p.in, hydrogen*
last cooled from 550
Cul£a X-radiation 1 
228 hours, 121:V , 26mA I
Nouias Film Data
14
Published Data
17>89,96
/ o . 
d ( A ) 1 | Notes! L-
. / °\ 
« (a .) h k 1
«nbmi «
■r.i'n !'■■*■ mu 1^ n.» ,i f-y >
Phase
«wMTOjn^au»^«tM«KS»anx«CBUBs»9tj>Ba0az»4; j
2.80 VS 2.7990 100 a ~.Zr
2*76 VW • 2*759 111 5-hydride
2*56 VW 2*5735 002 a
2*46 vs 2*4589 101 a
2*38 vvw 2*388 200 6
2*34 v w w
2*22 vvw"7' ghost
2*17 vvww ghost
2.135 vvw* ghost
2*07 vvw ghost
2* 04 vw bx'oad ghost
1*895 MW 1.8945 102 a
1*78 vvw
I .69 vvw'x 1*689 202 5and/or y
1.618 vs spotty I,6160 110 a
1*462 vvw 1.462? 103 a
l*4o !M spotty 1 * 3995 200 a
1 * 37 M spotty 1 * 3686 112 a
1.35 MS spotty 1*3505 201 a
1. 34 VW ■<
1*23 w
!
sin 0 tty 1*2295 202 a
Table 10* X-ray Identification of Phases :Ln
Zirconium-Hydrogen Alloys*
ric* O ^ JL JUd JU II T m r i i n i O T T H i M —  ■ ■" 1■■~riii'niiiii(in «arn~
Zr-100 p .p .m . hydrogen, 
quenched from 550°0„
| | 0u K q X-radiation
248 hours, 12kV, 26mA
Nonius Film Data I j Publis
14,17,89,96 
hed Data
/  o . 
a (A ) I Note s d (A)
i
h k 1 Phase
3.16 VVW uo2 ?
3.1^ vvw uo2 ?
3.06 w w uo2 ?
2, 80 vs 2.7990 100 , a ~2r
2, 76 ¥ • 2.759 111 ^ §-hydride
2,71 W W 2.718 111 y-hydride
2.57 vvw 2.5735 002 a
2,465 vs 2,4589 101 a
2,38 w w 2. 388 200 6
2.33 vvw
2.22 w w 'ghost
2.04 vw ghost
1,90 MW 1.8945 102 a
1.882 vw
1.69 w w 1. 689 220 ,202 6 and/ory
1.615 s broad/spotty 1.6160 110 a
1.465 w w spotty 1.4627 103 a
1.455 ww" 1.440 311 5
.1.40 M spotty 1.3995 200 a
1 . 368 M spotty 1 .3686 112 a
1.330 M spotty 1.3505 201 a
1.340 VW
1. 228 vw broad 1.2295 202 a
Table 11. X-ray Identification of Phases in
Zirconium-Hydrogen Alloys, I
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fZr-250 p.p.m. hydrogenj 
slow cooled from 550°C.
Cu K q X-radiation 
228 hours, 12kV', 26mA
Nonius Film Data.
14,17,89,96.
1 Published Data
d (A) I Notes d (a ) h lc 1 Phase
2*79 S 2.7990 100 a *»Zr
2.75 M 2.759 111 8 -hydride
2.71 W 2. 718 111 Y-hydride
2.545 W 2.5735 002 a
2.50 w w 7"
'2.455 VS 2.4589 101 a
2.37 w 2.388 200 5
2.04 VW broad/ghost
1.89 M spotty 1.8945 102 a
1.68 VW broad 1,689 220 ,202 6 and/or Y
1.61 VS 1.6160 110 a
1*535 w w spotty
1.522 w w -*
1.46 s spotty 1.4627 103 a
1*435 'vw broad 1,440 311 6
1.395 M spotty 1.3995 200 a
1.365 MS spotty 1.3686 112 a
1,346 MS spotty 1.3505 201 a
1.315 w w
1. 280 w w 7? 1,2867 004 a
1.225 M spotty
_  _  . .
1,2295 202 a
Table 12, X-ray Identification of Phases in
Zirconium-Hydrogen Alloys.
fast coolcd from 550°G
• Nonius Film Dat;
.  ' i M u H i H  i i m n i i  iiiiii i >i~i u  »  n  h  11 n n i r . n r  n  m u
/°\ d (A)
3*26
3.17
2,79
2.749
2.70 
2C 62 
2.55 
2.46 
2.38 
2, 30 
2. 28 
2.23 
2.10 
2. 06 
2.045 
1.895
1.70 
1.68 
1 • 616 
1.570 
1.535 
1.438 
1.395 
1.368
1.350 
1.337 
1.331 
1 „ 229
I 
VVW
vvw
vs
M
VW
vvw
vw
vs
¥
vvw'
w w
VVWJ
vvw
vvw
w w
w
vw
w
vs
vvw
vw
V/
s
w
s
w w
vvw
w
-Yr
Note;
IJ02 ? 
UO2 ?
broad
ghost
streak
ghost
broad/
ghost
spotty
streak
broad
streak
broad
spotty
spotty
spotty
2 28 ho 11 r s , 12kV, 2 6111A
;potty j
14,17, 89,96 
Published Data
/° Xd (a )
2.7990
2.759
2,718
2.5735 
2.4589 
2.388 
2. 292
h ]c 1 Phase
1.8945
1.689 
1.6160
1.44o
1.3995
I .3686
1.3505
1.2867
1,2295
100
111
111
002
101
200
200
102
220 ,202 
110
311
200
112
201
004
202
a-Zr
8-hydride 
y-hydride
a
8 and/or Y
a
a
a
a
a
Table 13 X-ray Identification of Phases in
Zirconium-Hydrogen Alloys.
; Zr—250 
queue
P . p . m * Liydr 0 g en , 
h e d 1 r 0 in 550<:> 0 »
| uuiiQ A-radiation | 
I 228 hours, 12kV, 26mA 1
Noniu s Film Data
14,17,89,96 1 
Published Data |
d (A) I | Notes d (A) hk 1
r~ -j 
Phase |
:gagcwsmiHA ,1—nim
3»24 VVW XJ°2 ? - ■ ?
3*18 vw U°2 ?
s
j
2.81 s 2.7990' 100 a-Zr
2,7 k vw 2.759 111 5-hydride j1
2 .71 M 2.718 111 y-hydride j
' 2.57 VVW 2.5735 002 j
2.54 vvw \
2.46 vs . 2.4589 101
4
a |
2.39 vvw • 2.388 200 6 j
2. 28 w w
2.23 w w ghost
2.15 vvw ghost !
2.08 w w ghost
2. Ok vvw broad/ghost
1 C 980 w w
1.895 M spotty 1.8945 102 a
1.680 w broad 1.689 220 ,202 5 and/ory
1.617 s 1.6160 110 a
1.543 vvw spotty
1.1*71 vvw* 1.4627 103 a
1.1*4 vvw* 1.440 311 5
1 .1*0 s siDotty 1.3995 200 a
1.365 M spotty I .3686 112 a
1.35 H spotty 1.3505 201 a
1.229 M spotty 1.2295 202 a
Table 14. X-ray Identification of Phases in
Zirconium-Hydrogen Alloys.
____ I I 1
Zr-600 P , p c 111 . ll.ydrogen,
— .
CuK q X-radia tion.
si O’ cooled fron\ 550°C. 228 hours, I2kV, 26 mA
14,17,89,96.
Honins Pi 1 in
■rnynMiaurn immn n n<~imm~b idtmhwotiibi wi<m liiiinnni m
Data
l«i ■» ■mwiimin -irw>»’
Published Data
/ O sd (a ) X Notes
/ O  V. d (a ) h k 1 Phase
2,82 s 2.7990 100 r?Q jl
2,76 5 M 2.759 111 6 -hydride
2.73 ¥ 2.718 111 Y-hydride
2,57 VW 2.5735 002 a
2,47 VS 2.4589 101 a
•2,43 w w w
2.395 mi 2. 388 200 6
2, 36 w w broad
2.13 w ghost
2.035 vw ghost
1.902 M spotty 1.8945 102 a.
1.695 M 1.689 220 ,202 6 and/ory
1,622 MS 1 .6160 110 a
1*546 ¥ streak
1,468 w 1.4627 103 a
1.446 MW broad 1 a 440 311 6
1.406 M spotty 1.3995 200 a
1. 382 W • 1.379 222 6
1.373 M spotty 1 . 3686 112 a
1.357 M spotty 1.3505 201 a
1. 232 MW spotty 1.2295 202 a
• * . .«
Table 15• X-ray Identification of Phases in
Zireouiurn-Hydrogen Alloys,
i'-LCA .4* .*5.,
Zr-600 p .pc we hydrogen,
fast cooled from 550°C.
Nonius Film Data
d (A)
3 e 1 6 W W U02 ?
2. 81 vs
2.7.6 . M
2.72 W
2.56 . VW
2.47 VS
2.39 W broad
2.23 W W ghost
2.13 vvw ghost
2. o4 vvw ghost
1.902 vw broad
1.690- M
1.623 VS
1.532 w w
1.443 vw broad
1.407 MW spotty
1.373 MW spotty
1.357 M spotty
1.232 W spotty
Not e;
C u K q X-radiation*
!8 hours, 12kV, 26mA
Published Data
h k 1
100
111
111
00
101
200
102
5 and/or y1.689 220 ,202
1.6160 110
3il
200
112
201
202
Table 16. X-ray Identification of Phases in
Zirconium-Hydrogen Alloys.
ivl <A h Ul'l.ciX [ -A,-* J-CA \ WOUJ. | ^> IWIIHIWIM 1.11 1.. ini.i ■ m miww iwini ..■iMiirirntriMiriTin
Zr-600 p •p .m . hydrogen 
fst cooled from 550 C.
CuK q X-radiation. 
470 hours, 12kV, 26mA
Nonius Film Data
14,
Published Data
17. 89, 96
nBMnwrnvmmmsiwiiviir..... .
d (A) I Notes d (A). h k 1 Phase
3*24
___
VVW U0p ?
3*17 vw
0-CM
OO
2. 81 vs 2.7990 100 a-Zr
2. 76 SM 2.759 111 5-hydride
2 e 7 2 5 MW 2.718 111 y-hydride
2*57 ¥ 2.5735 002 a
2.47 VS 2.4589 101 a
2.40 W 2. 388 200 6
2. 22 VVW ghost
2.12 VVW • ghost
2.0k vvw ghost
1.902 vw 1.8945 102 a
1.690 SM 1.689 220 ,202 6 and/oar y
1.620 VS 1.6160 110 a
1.542 ' w s treak
1.445 w broad 1.44o 311 6
1.405 MW spotty 1.3995 200 a
1*373 MW spotty 1.3686 112 a
1*356 M spotty 1.3505 201 a
I.232 w spotty 1.2295 202 a
Table 17* X-Ray Identification of Phases in
Zirconium-Hydrogen Alloys.
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VnijKw*«MI
Material j | X-ray Exposure
Zr~6()0 p„p,m. hydrogen } 
quenched from 550oCo
n  . .
| CuI(Q X-radiation. 
j 228 hours ,  12kV, 26mA
Nonius Film Data
j ‘ 14
j Published Data
17,89,96
d (X)
. j n  M H l T W f  H U W L  1 J U i W i T O W T K . T W H P W W f l t f t  +*
I Notes d (A) li k 1 Phase
3c 26 VVW U02 ?
3.16 VVW U02 ?
,
2. 81 s 2.7990 100 a-Zr
2.76 w w * 2.759 111 §-hydride
•2.7.2 M 2.718 111 Y-hydride
2e^7 VS 2.4589 101 a
2.23 vvw ghost
2.14 vvw ghost
1.94 w w ’"' U0? ?
1.902 M spotty 1.8945 102 a
1.690 VW broad 6 and/ory
1.623 s spotty • 1.6160 110 a,
1.552 vw streak
1.4o6 w spotty 1.3995 200 a
1.375 - M s 130 tty 1.3686 112 a
1.357 M spotty 1.3505 201 a
1.2 55 VW streak
1.233 MW spotty I .2295 202 a
Table 18. X-ray Identification of Phases in
Zirconium-Hydrogen Alloys.
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n » ' ' E W » f i e s a w w » »
Nominal 
Hydrogen 
C on t en t
Cooling 
rate from
550°c.
Phase
Identified
Estimated p„pcm* 
hydrogen combined as 
*”a<”"£p^pbase | y -pliase*
0
Sponge 
Zirc 012 :Lu m 
Standard.
'
Slow a-Zr 0 0
100 Slow
a-Zr 
6-hydride 
Y hydride
250 60
100 Fast aS Y 60 10
100 Quenched aS Y 100 20
250 Slow a 6 Y 150 50
250 Fast aSY 200 50
250 Quenched a5Y 50 200
600 Slow a6Y 750 120
600 Fast aSY hoo 80
600
. . . ... , .
Quenched a5Y ho 600
Table 19• Semi Quantitative Estimate of the Phases 
Present in Zix'coniura-Hydrogen Alloys.
Hydrogen 
Content 
(p.p.m.)
Cooling 
rate from 
. 550°C.
i (xlO*~ Vsec) e ( $ ) 5 .e® . V . P . N . S . V . P . N .
Unhydrided
specimens Slow
1 . 3
6.6 
33® 3 
333® 3
29.0 
28.3 
32.0 
29® 3
2.5
1.4
0.7
0.8
203 5®9
• 100 S l a w
1 . 3
6.6 
33® 3 
333®3 •
24 . 0
24.0 
25® 2
26.0
2.7
2.0
1.5
1.1
209 2.1
100 Fast
1 . 3
6.6 
33® 3 
333® 3
21.0 
21. 0 
22.0 
18.0
2 . 4
0.7
2.1
0 . 7
211 6 . 3
100 Quenched
1 . 3
6.6 
33 « 3  '
1 6 . 5  
17.2 
17.0
l . i
2.8
1 . 4 210 6 . 3
333® 3 17® 2 0.5
Table 20® Macro-hardnesfi Elongation to Failure
Data for Thin S1i.eet Specimens.
H y d r o g en  
C o n t e n t  
(p.p.m. )
C o o l i n g  
r a t e  f r o m  
550°C«
i  ( . x l0~ V s e c  ) e ( ) o )
, -  ,
S.e V . P . N * S.V * P * N *
250 S l o w
1 . 3  
6*6 
3 3 . 3  
333 . ' 3
23*0 
2 6 . 5  
2 3 * 5  
24*  2 '
2 * 9  
1.2 
1*1 
0 * 8
211 6 . 3
250 Fast
1 * 3
6*6
3 3^ 3
3 3 3 . 3
19.2
20*0
20*2
2 0 * 5
1.2
2*1
2 * 4
1 . 3
. ... ,
206 5 * 8
• 250 Quenched
1 * 3  
6*6 
3 3 * 3  
3 3 3 * 3  .
1 6 0 7 
17.0 
17.2 
12.0
1 . 5 
1*8 
1.8 
1 . 4
210 6.3
600 S l o w
1 . 3
6*6
3 3 * 3
3 3 3 * 3
12 * 7
9 . 2
8*2
4 * 5
3 . 1
2.6
2*7
0*5
217
•
6 * 5
600 Fast
1 * 3
6.6
3 3 * 3
3 3 3 * 3
12 * 2 
17 c 0
1 1 ,  5
1 4 .  2
4 * 7  
4 * 9  
6 * 4 
2 . 5
211 6 * 3
600 Quenched
1 * 3
6*6
3 3 * 3
] 0 K1. J  t> J  
1 6 * 0  
8 . 5
3 . 5
3 . 0
4 * 0 227 6.8
3 3 3 . 3 10 * 2 4 * 7
Table 21. Hacro-hardness and Elongation to Failure
Bata for Thin Sheet Specimens*
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Hydrogen 
Content 
(p.p.m.)
Urmot died 
unhydrid ed 
specimens
Cooling 
rate from 
550°c.
Slow
cfvlO- V s ec), e(*). S.e
333 • 3 
666«6
28.5
26.0
0.8
1.0
Unliydrid ed Slov; 333.3 10. 2 1.1
notched 666.6 8.7 0.5
specimens •
100 Slow 333® 3 8.0 0.7
- 666.6 9.2 0.8
100 Fast 333® 3 6.5 1.1
666.6 6.7 1.3
100 Quenched 333 • 3 7.2 0. 8
666 e 6 7.7 0. 8
„ . .......... L. ™
250 SI ow 333.3 5.0 1.0
666.6 4.0 1.0
250 Fast 333.3 5.0 0.7
666.6 7.2 0.5
250 Quenched 333.3 5.0 Oc 8
666.6 7.2 0.5
600 Slow 333.3 1.0 0.5
666.6 1.0 0.5
600 Fast 333.3 2.0 1.1
666.6 1.7 0.8
600 ■ 'Quenched 333.3 2.0 1.1
666.6 2.0 1.0
Table 2k „ Elongation to Failure Data for Single Edge 
Notched Thin. Sheet Specimens®
Hydrogen 
Content 
( P • P * m . )
Cooling 
rate From 
5 5 0 ° C .
• /  —h, \ e ( x l 0  /sec). aFracture S. cj
Umiotched Slow 3 3 3 . 3 3 8 0 38 o 9
unhydrided 6 6 6 . 6 368 4-2.6
specimens*
Unhydrided SI ow 3 3 3 . 3 3 9 0 26 e 0
notched 6 6 6 . 6 384 3 4 . 7
specimens
1 0 0 SI ow 3 3 3 . 3 3 8 4 3 6 . 5
666«,6 365 3 2 . 0
1 0 0 Fast 3 3 3 . 3 398 4 2 . 1
6 6 6 . 6 3 9 0 3 5 . 8
1 0 0 Quenched 3 3 3 . 3 4 0 0 3 6 . 2
6 6 6 « 6 378 4 0 .  8
250 Slow 3 3 3 . 3 3 6 0 27 . 4
666« 6 382 26 • 5
2 5 0 Fast 3 3 3 . 3 378 29.6
666» 6..................................... 397 2 4 . 3
2 50 Quenched 3 3 3 . 3 4 0 3 4 0 . 6
6 6 6 . 6 3 9 0 3 8 . 9
6 0 0 SI ow 3 3 3 . 3 3 9 0 3 6 . 4
6 6 6 .  6 382 3 5 . 5
6 0 0 Fast 3 3 3 . 3 381 4 1 . 3
6 6 6 . 6 363 3 9 . 0
6 00 Quenched 3 3 3 . 3 3 9 0 4 3 . 0
6 6 6 . 6 379 3 7 . 2
Table 25» Fracture Stress Data For Single Edge Notched
Thin Sheet Specimens.
2Stress Data in N/mm .
276
Hydrogen 
Content 
(p.p.m.)
Cooling 
rate from 
5 5 0° c .
c(.xlO"Vsec) e (lfo) S.e V.P.N. SVkP.N.
Unhydrided
specimens
Slow 1 . 3
333* 3
23*0 
21* 2
3 *0
2*1
195 6*4
100 Slow 1 . 3
333*3
2 0 . 0
1 6 *0
2*1
5*0
204 9*1
600 Slow 1 * 3
333*3
2*5
1 . 7
1 . 1
0*8
204 6* 3  j
600 Quenched 1 * 3
333*3
5*0
4 . 2
3*2
3*6
221 1 1 * 3  1
Table 26. Macro-hardness and Elongation.to Failure Data 
Tor Thick Sheet Specimens*
Hydrogen 
-C oil-ten t 
(p.p.m.)
Cooling 
rate from 
550°C*
e ( xl 0*" sec) e(£) S.e
Unhydrided
specimens
S10 \l7 1*3 10*2 1.0
100 Slow 1*3
333*3
o 
o
 
• 
*
00 
O
 
H 1.1
1.0
100 Quenched 1.3
.333*3
7*5
6*0
2.0
2*9
6 00 Slow 1.3
333*3
2.0
1.0
1.0
0.5
600 Quenched 1.3
333*3
2. 5 
4*5
1.7
2.0
Table 27* Macro-hardness and Elongation to Failure Data
for Single Edge Notched Thick Sheet Specimens,,
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Hydrogen 
Content 
(p.p.nu )
Cooling rate 
from 550°Co e ( x i o ” !/ s e c ) * a fracture S. a
Unno t o l l e d SI ow • 1 . 3 3 9 0 3 6 . 9
unhydrided 333® 3 384 2 8 . 0
specimens
. . . . . . . . . . . .  . . . . . . . . .  ,_
Unhydrided Slow 1 . 3 4 2 0 3 4 *  6
notched 333® 3 375 4 0 . 1
specimens
1 0 0 SI ow 1 . 3 4 1 0 2 0 . 4
333® 3 386 3 3 * 1
1 0 0 Quenched 1 . 3 4 0 5 • 22 . ' 6
3 3 3 . 3 425 3 0 . 4
6 0 0 Slow 1 . 3 3 8 0 2 2 . 3
333® 3 4 05 2 6 . 0
6 0 0 Quenched 1 . 3 4 2 0 3 8 . 7
3 3 3 * 3 4 15 2 8  * 9
Table 29 e Nominal Fracture Stress Data for Single
Edge Notched Thick Sheet Specimens„
2
Stress Data in N/mm •
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